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(57) Abstract: A method of identifying molecules 
of biological origin is disclosed. The molecules are 
identified and the basis of the accurately determined 
mass to charge ratio of the molecules and at least 
a further physico-chemical property such as elution 
time or charge state. Further physico-chemical 
properties may be used. The experimentally 
determined accurate mass and physico-chemical 
properties can then be compared with a look-up table 
of information. The look-up table may generated or 
physico-chemical properties of data in a conventional 
database may be calculated. The ability to recognise 
and preferably identify the same molecules in two 
different samples may be used to determine whether 
a particular biological molecules has been expressed 
differently in an experimental sample relative to a 
control sample. 
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METHOD OF MASS SPECTROMETRY 

The present invention relates a method of mass spectrometry. 
The preferred embodiment relates to protein identification, protein 
quantitation, proteases, high-resolution mass spectrometry, 
proteomics, genomics, and bioinf ormatics . 

The growing importance of genomic and proteomic information in 
biotechnology and pharmaceutical research and development has 
stimulated the development of many innovative technologies. 
Technology platforms such as transcriptional profiling or gene 
expression analysis are making it possible to better understand 
cellular physiology and to develop correlations between gene 
expression (mRNA) and cellular responses to internal and 
environmental stimuli- See, J.L. DeRisi et al., Exploring the 
metabolic and genetic control of gene expression on a genomic 
scale, Science 278:680-686 (1997); F.P. Roth et al . , Finding DNA 
regulatory motifs within unaligned noncoding sequences clustered by 
whole-genome mRNA Quantitation, Nat. Biotechnol. 16:939-945 (1998). 
Internal stimuli include genetic variations and disease states, 
while external stimuli include changes in environmental conditions 
(e.g., temperature, pH, osmolality, etc.) or chemical 
concentrations (e.g., drugs, hormones, toxins, etc.) Understanding 
how gene expression profiles vary dynamically as conditions 
fluctuate can provide valuable insight into the identification and 
development of novel therapeutic targets, treatments and disease 
progression/regression markers (biomarkers) . Elucidating changes 
in expression profiles should allow for a greater understanding of 
many biochemical processes on a macroscopic level. 

Gene expression analysis techniques measure changes in mRNA 
levels and relate these changes to a cellular response 
characteristic to a given stimulus. The field has expanded 
considerably with the development of DNA arrays (e.g., the 
GeneChip(TM) arrays marketed by Affymetrix, Santa Clara, CA) . 
However, research in this field has demonstrated that there is 
often a poor correlation between measured mRNA levels and levels of 
the actual protein encoded by the mRNA. See S.P. Gygi et al., 
Correlation between protein and mRNA abundance in yeast, Mol. Cell. 
Biol. 19:1720-1730 (1999); L.M. Hartford and D.R. Morris, Post- 
transcriptional gene regulation, Wiley-Liss Inc (1997); and A. 
Varshavsky, The N-end rule: functions, mysteries, uses, Proc. Natl. 
Acad. Sci. USA, 93:12142-12149 (1996). The discrepancy can be 
attributed to a variety of factors such as poor experimental 
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reproducibility across various transcriptional profiling platforms, 
effects of cellular compartmentalization, translation efficiency, 
post-translational modifications, and protein degradation systems. 

An improved approach to quantitative proteomics would 
complement the existing genomic approaches, by directly examining 
the proteins involved in cellular processes. A combination of 
these two technologies will lead to a more complete conceptual 
understanding of the functional architecture of genome and proteome 
networks, allowing for a more comprehensive view of a cell's 

physiology. , 

Two common goals in proteomic research are to qualitatively 
identify the proteins present in a cell given a set of conditions 
and to quantitatively determine the relative levels of these 
proteins as those conditions change. Unfortunately, the majority 
of current analytical approaches in proteomics yield either 
qualitative information or a rudimentary level of quantitative 
information. Reliable and accurate methods for quantitatively 
measuring the relative expression levels of proteins are lacking. 
The ability to elicit this quantitative information is crucial to 
proteomics and will aid in the enhancement of discovery and 
development of drugs, development of novel protein based 
diagnostic/prognostic tests, and monitoring the efficacy of drug 
treatment strategies (biomarkers) . Some of the existing methods 
associated with the identification of proteins and current 
technologies designed to quantitate proteins will now be briefly 
described. 

The utility of both single stage and tandem mass spectrometry 
for the identification of cellular proteins using protein and 
nucleotide databases is well documented. In single stage mass 
spectrometry the instrument of choice has been a Matrix Assisted 
Laser Desorption Ionization (MALDI) Time of Flight Mass 
Spectrometer (TOF-MS or MALDI-TOF) . The MALDI instrument 
characteristically generates a mass spectrum of singly charged 
peptide ions with a mass accuracy of 20 to 50 ppm. The generated 
list of peptide ion mass values is then presented to any of a 
number of previously described search-engines for protein 
identification (see Mann et al., Use of mass spectrometnc 
molecular weight information to identify proteins in sequence 
databases, Biological Mass Spectr. 22(6): 338-45 (1993); Henzel et 
al Identification of 2-D Gel Proteins at the femtomole level by 
Molecular Mass Searching of Peptide Fragments in a Protein Sequence 
Database, Techniques in Protein Chemistry V, John Crabb ed., 
(1994); and Pappin et al., Peptide Mass Fingerprinting using MALDI- 
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TOF mass spectrometry, Current Biology 3:327-332 (1993)). Those 
skilled in the art have coined the name Peptide Mass Fingerprinting 
("PMF") for this method of identifying proteins. Although peptide 
mass fingerprinting has been shown to facilitate the identification 
of multiple proteins in simple mixtures (Jensen et al., Anal. Chem. 
69(23): 4741-50 (1997)), the technique's limited accuracy leads to 
ambiguities when it is applied to complex mixtures, and the 
likelihood of false positive assignments rises to unacceptable 
levels. Additionally, peptide mass fingerprinting cannot be used 
reliably for quantitative analysis because of ion suppression 
problems associated with the MALDI ionization process. Among the 
other mass spectrometer designs that have been employed for protein 
analysis are triple-stage quadrupole (TSQ) instruments and 
quadrupole ion trap (QIT) devices. Both types of instrument are 
also suitable for MS /MS applications (described below) but tend to 
be limited to mass accuracies of 50 to 100 ppm, and low sensitivity 
due to the scanning nature of the design. QIT instruments also 
have a relatively limited charge capacity and consequently have a 
limited dynamic range. 

An alternative approach to peptide mass fingerprinting 
involves tandem mass spectrometry (MS /MS) . Tandem mass 
spectrometric identification of proteins involves the acquisition 
and analysis of the mass spectrum of product ions generated from 
each precursor ion selected in the primary mass spectrum of a set 
of proteolyzed protein fragments. The additional information is 
helpful in that different protein fragments with the same nominal 
mass, can be distinguished by their product ion spectra. MS /MS 
data may also be used to deduce the amino acid sequence of the 
protein fragment precursor ions, and the resulting sequence, can be 
compared to a protein or translated nucleotide databases for 
protein identification. Tandem mass spectrometric identifications 
greatly improve the confidence of MALDI -TOF based protein 
identifications by providing primary sequence data that confirm the 
identity generated by the peptide mass fingerprint. See Wilm and 
Mann, Error-tolerant identification of peptides in sequence 
databases by peptide sequence tags, Anal. Chem. 66:4390-4399 
(1994); W. Hines et al., Pattern-Based Algorithm for Peptide 
Sequencing from Tandem High Energy Collision-Induced Dissociation 
Mass Spectra, J. Am. Soc. Mass Spectrom, 3:326-336 (1992); V. 
Dancik et al., De Novo Peptide Sequencing via Tandem Mass 
Spectrometry: A Graph-Theoretical Approach, RECOMB, 135-144 (1999); 
and Yates et al., U.S. Patent No. 5,538,897. 
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Although useful in providing a system for rapidly "" elat ^ 
fragment spectra with known protein sequences, the algorithm within 
S rloLted processes assigns a most probable match to every 
spectrum and the user has to rely on multiple unique 
spectrum fragme nt to offset the probability 

assignments to tne same y± * j = 4- a /MS- 

of generating false positives from the peptide MS /MS data MS /MS 
bLfd strategies for protein identification can involve automatic 

the svstrls limited. MS/MS analysis of every ion in the primary 
^ctr^f » mixture es eompiex as a proteose wouid be extremely 
tie and sample cons^ing. To achieve o^^V^ 
coverage of a copies heterogeneous mixture as 
proteome. MS /MS switching must occur very often and this 

the duality of both the MS and MS /MS data, 
compromises the quality Ratifications MS 

:;: c r i~ Ureases the quantitative accuracy of the 
e^ent Compromising the quality of peptide MS/MS spectra 
Tgni icantly increases the probability of generating false 
oositive identifications, especially in a proteome where the 
P c I nlnts of the mixture are not present in equimolar quantities 

^ u^r- of ions derived from some proteins is low. 
^ "c^lThete extracted or dissected M protein gels, 
and subjected the separated proteins to mass spectroscopy for 
charart.rix.tion and possible identification by the methoc » 
described above. See for example, H. Nakayama, et al., Capillary 
cdrn high-performance liguid chromatographic 
Hn^tion triple-stage mass spectrometry analysis of proteins 

ated by two-dimensional -^acrylamid. gel electrophoresis^ 
xpolication to cerebellar protein mapping, J- Chrom. A 730 279 287 
as S.M. Hanash, Biomedical applications of two-dimensional 
ectrophoresis using immobilized P H gradients: current «*°>- 
^ectrophoresis 21:1202-1209 ,2000,: A. 9andey, M. Mann, Proteomics 
to study genes and genomes, Mature 405:837-846 (2000, , M.P. 
Washburn, 2ates, Analysis of the microbial proteome, Curr. 

opin Microbiol. 3:292-297 (2000); H. Langen et al., Two- 
rfLnsional map of the proteome of Haemophilus influenzae, 
dimensional map such hybrid methods are quite 

Electrophoresis, 21.411 \^ f 

sensitive, but are limited by the resolving capacity of the 2D gel 
Itself and reguire tedious extraction and analysis of individual 



WO 03/054549 



- 5 - 



PCT/GB02/05571 



spots on the gel. 

One approach suggested by those skilled in proteomics involves 
generating a complex peptide mixture by enzymatically digesting all 
the protein members of a given proteome, followed by 
chromatographic separations interfaced to mass spectrometric 
techniques such as Fourier Transform Ion Cyclotron Resonance 
(FTICR; see L. Li et al., High- throughput peptide identification 
from protein digests using data-dependent multiplexed tandem FTICR 
Mass spectrometry coupled with capillary liquid chromatography, 
Anal. Chem. 73:3312-33222 (2001); Y. Shen et al., High-Throughput 
Proteomics Using High-Efficiency Multiple-Capillary Liquid 
Chromatography with On-Line High-Perf ormance ESI FTICR Mass 
Spectrometry, Anal. Chem. 73:3011-3021 (2001)). This is a very 
promising approach, but the instrumentation required for FTICR is 
extremely expensive. An FTICR spectrometer can cost in excess of 
five million dollars, making the method impractical for widespread 
routine use. 

Another is a tandem mass spectrometric technique called Multi- 
Dimensional Protein Identification Technology ("MudPIT") (A. Link 
et al., Direct Analysis of Protein Complexes Using Mass 
Spectrometry, Nat. Biotechnol. 17:676-682 (1999); M.P. Washburn et 
al., Large-scale Analysis of the Yeast Proteome by Multidimensional 
Protein Identification Technology, Nat. Biotechnol. 19:242-247 
(2001) . This technique, actually a type of chromatography applied 
to pre-fractionate samples prior to tandem mass spectrometry, has 
not been shown to be capable of monitoring changes in protein 
expression levels. 

Proteomes are generally quite complex. They contain many 
thousands of proteins, which can range in relative concentration by 
five or six orders of magnitude. Unlike genomes, proteomes are 
dynamic: the proteins making up a cell's proteome' change in 
response to the cell's chemical and physical environment. Post- 
translational processing is constantly modifying the functional 
forms of cellular proteins, and this level of protein expression is 
affected by many different stimuli. Transcriptional profiling 
(examining mRNA) is of limited use in deciphering such a dynamic 
system. Therefore, direct qualitative and quantitative analysis of 
the actual proteins within the proteome is required to achieve a 
functional understanding of proteins on a cellular scale. The 
following section details methods currently used to obtain 
quantitative protein information. 

Several biochemical techniques such as staining proteins 
separated on 2-D gels with non-fluorescent dyes (Coomassie Blue, 
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Fast Green), fluorescent dyes (Sypro Red, Sypro Orange), and 
colloidal metal stains (silver, gold) are used to quantify relative 
protein amounts. These staining techniques are limited by poor 
quantitative precision and accuracy because varying amounts of 
stain is incorporated into each protein and stained proteins can be 
difficult to resolve from the background staining of the gel 
matrix. Other techniques such as introducing radioactive labels or 
metabolic labeling ( 14 C-amino acids, 3 H-lucine, 35 S-methionine) 
during cellular protein synthesis can overcome some of these 
problems associated with background noise in the classical staining 
techniques. Radiolabeling is unfortunately time consuming, 
expensive, and not practical (or rarely allowed) for human sourced 
samples, e.g. plasma, tissue, or tumor. Thus, radiolabeling is not 
a practical option. 

To overcome the shortcomings associated with gel-based 
techniques, other researchers have used various mass spectral based 
methods. One such method uses MS-isotopic labeling techniques to 
perform accurate quantitation of the relative quantities of 
proteins in cells grown under different conditions. In this 
procedure, stable isotopes such as 15 N are introduced' into the cell 
growth medium. The 15 N-enriched proteins produced during the cell 
growth process are then compared with unaltered proteins by mixing 
the two and analyzing them together. The corresponding 15 N labeled 
peptides are compared with their 14 N companion because they have 
almost identical physical properties except the predicted mass 
shift. This strategy makes it possible to record fairly accurately 
the quantitative differences between native and isotopically 
enriched "companion" peptides. Y. Oda, et al., Proc. Natl. Acad. 
5ci. USA 96:6591-6596 (1999). However, this strategy has limited 
utility because it requires treatment with an enriched stable 
isotope medium prior to protein isolation, for a length of time 
sufficient for incorporation of the isotopes into the proteome 
itself. 

Another approach that overcomes this shortcoming was presented 
recently (Gygi, S. P., et al., Quantitative analysis of complex 
protein mixtures using isotope-coded affinity tags, Nat. 
Biotechnol. 17:994-999 (1999); Griffin, T.J., et al., Quantitative 
proteomic analysis using a MALDI quadrupole time-of-flight mass 
spectrometer, Anal. Chem. , 73:978-986 (2001)). This approach 
involves derivatizing protein mixtures with heavy and light 
isotope-coded affinity tags (ICAT) . These tags are covalently 
bound to specific amino acid residues, and carry a high-affinity 
moiety such as biotin that serves as means of isolation from 
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untagged material. The proteins are then digested and the tagged 
peptides are affinity purified for subsequent quantitative 
analysis. The affinity-purified fractions are subjected to 
sequence identification using tandem mass spectrometry methods and 
concurrently analyzed to measure the relative expression levels of 
individual proteins from complex, control and experimental protein 
mixtures. Early development of this technology suggested that it 
was fairly robust and could be widely applicable. Even this method 
is plagued, however, with the poor yields associated with 
incomplete tagging and the affinity purification steps. Another 
problem with this approach is that it is only useful for proteins 
containing at least one free cysteine group. An example of this 
pitfall is illustrated by the fact that 35% of the yeast ribosomal 
proteins are cysteine-free and therefore cannot be identified or 
quantified using the ICAT technology. Furthermore these tagged 
peptides must be of a mass amenable to sensitive MS /MS analysis. 

The growing importance of genomic, proteomic, and metabolomic 
information in biotechnology and pharmaceutical research and 
development has stimulated the development of many innovative 
technologies. A common goal of many analytical studies in the life 
sciences is the qualitative identification of chemical components 
in complex chemical mixtures of biological origin and the 
quantitative measurement of the relative abundance of chemical 
components in these mixtures. A more targeted goal is the 
discovery of chemical species or biomarkers in such mixtures that 
can be used as an indication of a particular disease. Such studies 
play a key role in the field of metabolomics and proteomics, but' 
are easily extended to other fields of life science. Frequently 
these biomarkers provide information about a chemical species or a 
biological pathway that can serve as either a target for treatment 
or at least as an indicator of the efficacy of a drug candidate 
developed to treat a particular disease. These biomarker discovery 
studies generally involve comparing two populations of complex 
biological mixtures. One of these sample populations is typically 
representative of a "control" state (normal, untreated, non- 
diseased, etc) and the second sample population is typically 
representative of an "experimental" state (abnormal, treated, 
diseased, etc) . The primary goals of these biomarker discovery 
experiments are two-fold. First, each component in the two sample 
populations must be measured quantitatively to determine if their 
relative expression level has changed in a statistically 
significant manner between the two sample states. The second goal 
is to qualitatively identify each component that has shifted in its 
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expression level in a statistically significant manner and, in 
gTera to qualitatively identify as many chemical components xn 
"e sam le Rations as possible. Ideally, 

developed for this application are high xn sensxtxvxty and are 
capable of measuring chemical components in a mxxture over a wxde 

^huT there exists a need for a relatively rapid and cost- 
effective analytical method that allows the chemical composxtxon of 
very complex biological mixtures to be compared in a comprehensxve 
and a quantitative manner and preferably in a comprehensxve 
quantitative and comprehensive qualitative manner 

According to an aspect of the present xnventxon, there 

chsm ratio o£ first molecule in the first mixture,- 

^ Jss Llysing the first molecules in the first ana 

accurately determining the mass to charge ratio of the first 

-erty -er than mass to 
<-<o of first molecules in the second mxxture; 
^^LZXX «-* -ecules in the «* 
accurately determining the mass to charge ratxo of the fxrst 
molecules in the second mixture; and 

intensity of first molecules xn the fxrst 
determxnxng the ^nsxty 

mixture and the J^^J^^^ and the first molecules in 

clurality of different biopolymers, proteins, peptides, 
polyPeptLa, oligonucleotides, oligionucleosides, -""^ 
carcohydrates. sugars, lipids, fatty acids vitamins hormones, 

of DNA portions or fragments of cDNA, 
portions or fragments of DNA, porta. 

portions or fragments of £ port— -gment^ - 

=SS-: en^es! metaholites poises . 

phosphorolated peptides, .phosphorolated proteins, glycopeptldes, 
glycoproteins or steroids- 
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The first mixture and/or the second mixture preferably 
comprise at least 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 
200, 300, 400, 500, 600 f 700, 800, 900, 1000, 1500, 2000, 2500, 
3000, 3500, 4000, 4500, or 5000 molecules having different 
identities. Preferably, the first mixture and/or the second 
mixture comprise a non-equimolar heterogeneous complex mixture. 

The mass to charge ratio of the first molecules in the first 
mixture and/or the mass to charge ratio of the first molecules in 
the second mixture is preferably determined to within 20 ppm, 19 
.ppm, 18 ppm, 17 ppm, 16 ppm, 15 ppm, 14 ppm, 13 ppm, 12 ppm, 11 
ppm, 10 ppm, 9 ppm, 8 ppm, 7 ppm, 6 ppm, 5 ppm, 4 ppm, 3 ppm, 2 
ppm, 1 ppm or < 1 ppm. Preferably, the mass to charge ratio of the 
first molecules in the first mixture and/or the mass to charge 
ratio of the first molecules in the second mixture is determined to 
within 15-20 ppm, 10-15 ppm, 5-10 ppm or 1-5 ppm. Preferably, the 
mass to charge ratio of the first molecules in the first mixture 
and/or the mass to charge ratio of the first molecules in the 
second mixture is determined to within 0.01 mass units, 0.009 mass 
units, 0.008 mass units, 0.007 mass units, 0.006 mass units, 0.005 
mass units, 0.004 mass units, 0.003 mass units, 0.002 mass units, 
0.001 mass units or < 0.001 mass units. 

Quantitation of the first molecules may involve at least one 
of the following steps: 

(i) comparing the intensity of first molecules in the first 
mixture with the intensity of second molecules in the first 
mixture; 

(ii) comparing the intensity of first molecules in the first 
mixture with the intensity of first molecules in the second 
mixture; 

(iii) comparing the intensity of second molecules in the first 
mixture with the intensity of second molecules in the second 
mixture; 

(iv) comparing the intensity of first molecules in the second 
mixture with the intensity of second molecules in the second 
mixture; and 

(v) comparing the ratio of: (a) the intensity of first 
molecules in the first mixture to the intensity of first molecules 
in the second mixture with (b) the intensity of second molecules in 
the first mixture to the intensity of second molecules in the 
second mixture. 

The second molecules in the first mixture are preferably 
substantially the same as the second molecules in the second 
mixture . 
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Ih . second .oWes may be endogenous or exogenous to the 

£irs t and second comprlses: 

Preferably, the me^no nrooerty other than mass 

T ^ the second mixture are determined to have 

- - — p r°orfr. ptoperty - 

preIeta bly the ^efhod ~ ty other than ss to 

^eTeUo 1 " th^t 'molecules in the first mature - the 

£irst ---^^t/^^^irst mixture end t h e first 
wherein the flrat B ° determined to heve 

method further comprises. 
Preferably, the methoa r orooerty other than mass 

m i,ture are determined to have 

si*"rs ------ 

p„f erably £^^£^£*-<- —J. fc 
measuring a fifth ye mo lecules in the first 

other than mass to charge ratio of the fir ^ 

mix t»re and ^J^^^J^ mixture and the first 

wherein the f irst ■ » determined to have 

Tl^XZT^Z vet further physico-chemical 

— • .rst ^^.r^^.^— 

snd/or the fifth or £ ^^ccnsisting of: (i) elution time, 
preferably selected from the gro P chromatographic 
Uophobicity, ^rophilrcr V, » ^ ^ or slze; 

retention time; (n) solubility I ' composite observed 

(lv , net charge, charge state, ionic charger P^.^ 

cha rge state, W^^SX ' <^i, electrophoretic 
constant (pKa) ; (vxi) antio y dip ole moment; (xi) 

mobility; (i*> ^^^ZJ^oZ^ capacity; and (xii) 
hydrogen-bonding capability or nyar g 

ion mobility in gas phase. mo lecules in the first 

The mass to charge ratio of the 



WO 03/054549 



- 11 - 



PCT/GB02/05571 



mixture and/or the mass to charge ratio of the first molecules in 
the second mixture may be mass analysed by either: (i) a Fourier 
Transform ("FT") mass spectrometer; (ii) a Fourier Transform Ion 
Cyclotron Resonance ("FTICR") mass spectrometer; (iii) a Time of 
Flight ("TOF") mass spectrometer; (iv) an orthogonal acceleration 
Time of Flight ("oaTOF") mass spectrometer; (v) a magnetic sector 
mass spectrometer; (vi) a quadrupole mass analyser; (vii) an ion 
trap mass analyser; and (viii) a Fourier Transform orbitrap, an 
electrostatic Ion Cyclotron Resonance mass spectrometer or an 
electrostatic Fourier Transform mass spectrometer. 

The first sample may comprise an experimental sample and the 
second sample may comprise a control sample. For example, the 
first sample may be taken from a diseased organism and the second 
sample may be taken from a non-diseased organism. Alternatively, 
the first sample may be taken from a treated organism and the 
second sample may be taken from a non- treated organism. A yet 
further option is that the first sample may be taken from a mutant 
organism and the second sample may be taken from a wild type 
organism. 

The first molecules in the first mixture and/or the first 
molecules in the second mixture may be identified. 

Embodiments are contemplated wherein 3, 4, 5 or more different 
samples may be analysed and quantified. Accordingly, the method 
may further comprise: 

providing one or more further samples comprising one or more 
further mixtures of molecules of biological origin; 

measuring a first physico-chemical property other than mass to 
charge ratio of first molecules in the one or more further 
mixtures; 

mass analysing the first molecules in the one or more further 
mixtures and accurately determining the mass to charge ratio of the 
first molecules in the one or more further mixtures; and 

determining the intensity of first molecules in the one or 
more further mixtures wherein the first molecules in the first 
mixture, the first molecules in the second mixture and the first 
molecules in the one or more further mixtures are determined to 
have substantially the same mass to charge ratio and substantially 
the same first physico-chemical property and optionally the same 
second and/or third and/or fourth and/or fifth or yet further 
physico-chemical property. The first molecules in the first 
mixture and/or the first molecules in the second mixture and/or the 
first molecules in the one or more further mixtures may then be 
identified. 
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Identification of the first molecules may in some 
. onlv be carried out when there is a differential 

S^Sr^S -n a predetermined threshold. .or e^e, 
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^rV'drntified if the average intensity of a plurality of 
only be identified if from ^ average 

different molecu les th f ^ ^ ^ 

intensity of a P^fJ ^t. in both cases the 

mix ture by more than a predet consis ting of: 

10000%. iHentified by referring to a 

In an -^-^^ i ^Xt ta , t ix.t molecule, 
database. For emample, the ^ „ olecule3 in th. second 

in the first mixture and/or the propert y 
B i x tur. .nay comprise comparind f^J^ ^ and/oI fifth 
and optionally the second and/or determined mass 

and yet further ^^JS^- first mature and/or 
IT/st irJ'esTn the second mixture »ith an inde* or 
m olecules, wherein the inder crises: _ 

ZZ ^Zl:T^T^ -st physioo- 

^tirrr^i" — — - 

or J. to charge ^t^^^SrTi^ 

(iv) ^"^tTl in de*ed molecule and/or ah 
second physico-chemical P r °P ertY lrf phys ico-eh.mi=al 

•^TS'^er^^S^"- ^mentally 

iadexed molecule and/or an ^ ^ dM ed 

£i fth or yet further P »ysico-chemrca P ^ and/or ^ 

nolecule. The first molecules in the rirs 
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first molecules in the second mixture may comprise a peptide and 
the index of molecules may comprise an index of peptides . The 
index of peptides may be generated by determining how one or more 
proteins might fragment or be digested so as to result in a 
plurality of peptides. Alternatively, the first molecules in the 
first mixture and/or the first molecules in the second mixture may 
comprise a peptide and the index of molecules comprises an index of 
proteins . 

According to another embodiment, at least some of the data may 
be calculated. Accordingly, the step of identifying the first 
molecules in the first mixture and/or the first molecules in the 
second mixture may comprise calculating the first and/or second 
and/or third and/or fourth and/or fifth or yet further physico- 
chemical properties from an index of molecules, the index 
comprising: 

(i) the identity of each indexed molecule; and 

(ii) an experimentally determined or predicted accurate mass 
or mass to charge ratio (s) of each indexed molecule. 

The index of molecules may comprise: (i) a protein or proteome 
sequence database; (ii) an Expressed Sequence Tag (EST) database; 
or (iii) a gene or genome database. 

Other embodiments are contemplated wherein a database 
comprising both accurate mass and other physico-chemical properties 
is referred to and other physico-chemical properties are calculated 
from data in the database. For example, the database may comprise 
a list of molecules and their accurate mass and retention time, and 
a second physico-chemical property such as dissociation constant 
(pKa) may be calculated. 

The first molecules in the first mixture and/or the first 
molecules in the second mixture may be identified on the basis of: 

(i) the closeness of fit of the determined mass to charge 
ratio of the first molecules in the first mixture and/or the first 
molecules in the second mixture with the mass or mass to charge 
ratio of an indexed molecule; and/or 

(ii) the closeness of fit of the first physico-chemical 
property of the first molecules in the first mixture and/or the 
first molecules in the second mixture with the first physico- 
chemical property of the indexed molecule; and/or 

(iii) the closeness of fit of a second physico-chemical 
property of the first molecules in the first mixture and/or the 
first molecules in the second mixture with the second physico- 
chemical property of the indexed molecule; and/or 

(iv) the closeness of fit of a third physico-chemical property 
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of the first molecules in the first mixture and/or the first 
loleles in the second mixture with the third physico-chemical 

— ^—sTT« a^th ^ TT ^ r ^ 

f the first molecules in the first mixture and/or the first 
lecules in the second mixture with the fourth physico-chemical 
property of the indexed ^^^^ or yet further physic o- 
■ ( T ZZTZ ^l:^s in the first mixture 

provided a method of mass spectrometry comprising: 

P , HH , na a mixture of molecules of biologxcal origin, 

providing a mixtur nroDe rtv other than mass to 

measuring a first physico-chemical property 
rt f first molecules in the mixture; 

oligionucleotides ol fl portions or 

rTentsTf D ; , Torti ns or fragments of cDNA, portions or 
fragments of DNA, p ^ ^ ^ portions Q 

SSS of ^LVvclonal antibodies, monoclonal antibodies, 

^nucleases, enzymes, ^^^^^^ti^, 
phosphorolated peptides, phosphorolated proteins, gly 

glycoproteins or steroids. 

• The first molecules may also be quantified. 

ine ui&i. r^TP^ent invention there is 

According to another aspect o £ the present 
provided . method of mass spectrometry, composing. 

providi n, a -~; s ^^; al property ot her than mass to 

"Tio or first -oi-les comprising peptides in the mixture, 
° har9e Jctateiy Alining the mass to charge ratio of the first 
mol ecules ^^gZZ^- °« 

^accurately determined mass to charge ratro of the frrst 
molecules comprising peptides. 
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An internal standard comprising one or more peptides and/or 
one or more synthetic molecules may be added to the mixture of 
peptides or a fraction of the mixture of peptides . 

According to another aspect of the present invention there is 
provided a method of mass spectrometry, comprising: 

providing a mixture of proteins; 

providing a mixture of peptides derived from at least some of 
the proteins; 

measuring a first physico-chemical property other than mass or 
mass to charge ratio of either at least one protein in the mixture 
of proteins and/or first molecules comprising peptides in the 
mixture of peptides; 

accurately determining the mass to charge ratio of the first 
molecules comprising peptides; and 

identifying the first molecules comprising peptides on the 
basis of at least the measured first physico-chemical property and 
the accurately determined mass to charge ratio of the first 
peptides . 

An internal standard comprising one or more proteins and/or 
one or more synthetic molecules may be added to the mixture of 
proteins or a fraction of the mixture of proteins . 

The mixture of proteins may be pre-f ractionated. For example , 
the method may further comprise fractionating the mixture of 
proteins, preferably by single-dimensional electrophoresis e.g. ID 
gel, multi-dimensional electrophoresis e.g. 2D gel, size exclusion 
chromatography or by affinity chromatography so as to separate one 
or more proteins from the mixture of proteins and wherein the one • 
or more proteins separated from the mixture of proteins are then 
digested or fragmented so as to provide the mixture of peptides . 

According to an alternative embodiment the mixture of proteins 
may be digested without any pre-fractionation of the proteins and 
hence the method may further comprise digesting or fragmenting the 
mixture of proteins so as to provide the mixture of peptides. 

The peptides may be fractionated prior to mass analysis. The 
method may further comprise separating a first fraction of one or 
more peptides from the mixture of peptides. The one or more 
peptides may be separated from the mixture of peptides by: (i) High 
Performance Liquid Chromatography ("HPLC"); (ii) anion exchange; 
(iii) anion exchange chromatography; (iv) cation exchange; (v) 
cation exchange chromatography; (vi) ion pair reversed-phase 
chromatography; (vii) chromatography; (vii) single dimensional 
electrophoresis; (ix) multi-dimensional electrophoresis; (x) size 
exclusion; (xi) affinity; (xii) reverse phase chromatography; 
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(x iii, capillary Electrophoresis Chromatography rc^",; ,xiv, 
electrophoresis,- (rv) ion mobility separation, (xvi) * leld 
Isys»etrio ton Mobility Separation (•»>•» or (*vr 
electrophoresis. Preferably, the one or more peptides in the first 

taction have substantially the same first 
nrmlt „ oreferably the same elntion time, hydrophobic^, 
hydrophUicitV migration time, or chromatographic retention time. 
Chromatographic methods may therefore be used to separate on o 
more peptides from a pool of peptides on the basis of e g. elation 
time, hydrophobic^, hydrophilicity, migration time, or 
chromatographic retention time. 

The DeDtides may also be quantified. 

According to a Particularly preferred embodiment, a protein or 
. Pest Translationally Modified CPTH", protein 
„ith one or more identified peptides may be identified. The 
prlin or t h . Post Translationally Modified protein may also 

itS ' lf Va b r\or n refi^lnts to the identification 

» T.t.rt one refinement comprises checking that the 
contemplated One ref ^ considered to prelate with 

r: : « £ ^1^,11, — «- ^jr** 

Within one or more predetermined ranges (i.e. checking that the 

^""talmonT: Putins and peptides, the present invention is 
particularly suitable for the analysis of metabolites. According 
to aTtner aspect of the present invention there is provided a 
method of mass spectrometry, comprising: 

charge~:rfirat t mo P le y o„les comprising metabolites in the 
Accurately determining the mass to charge ratio of the first 

b asia of at iLs't the measured first physico-chemical property and 
the accurately determined mass to charge ratio of the first 
scales prising ^ ^ ^ M y b 
..txactea frol blood plasma and/or urine and/or faeces and/or sweat 

and/ ~ctrtng to another aspect of the present invention there is 

a = ™ e -t-hr,d of mass spectrometry, comprising: 
^^trovidtg a ^ture comprising: ,i, a plurality of portions or 
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fragments of DNA; (ii) a plurality of portions or fragments of RNA; 
(iii) a plurality of oligionucleotides and/or a plurality of 
oligionucleosides; (iv) a plurality of nucleic acids; (v) a 
plurality of portions or fragments of genes; (vi) a plurality of 
ribonucleases (RNases) ; (vii) a plurality of portions or fragments 
of cDNA; (viii) a plurality of portions or fragments of mRNA; or 
(ix) a plurality of portions or fragments of tRNA; 

measuring a first physico-chemical property other than mass to 
charge ratio of first molecules in the mixture; 

accurately determining the mass to charge ratio of the first 
molecules ; and 

identifying the first molecules on the basis of at least the 
measured first physico-chemical property and the accurately 
determined mass to charge ratio of the first molecules. 

According to another aspect of the present invention there is 
provided a method of mass spectrometry, comprising: 

providing a mixture selected from the group comprising: (i) 
phosphorolated peptides; (ii) phosphorolated proteins; (iii) 
glycopeptides; (iv) glycoproteins; (v) carbohydrates; (vi) sugars ; 
(vii) lipids; (viii) fatty acids; (ix) vitamins; (x) hormones; (xi) 
steroids; (xii) monoclonal or polyclonal antibodies; and (xiii) 
polysaccharides ; 

measuring a first physico-chemical property other than mass to 
charge ratio of first molecules in the mixture ; 

accurately determining the mass to charge ratio of the first 
molecules; and 

identifying the first molecules on the basis of at least the 
measured first physico-chemical property and the accurately 
determined mass to charge ratio of the first molecules. 

The mixture preferably comprises at least 2, 5, 10, 20, 30, 
40, 50, 60, 70, 80, 90, 100, 200, 300, 400, 500, 600, 700, 800, 
900, 1000, 1500, 2000, 2500, 3000, 3500, 4000, 4500, or 5000 
molecules having different identities. The preferred embodiment is 
particularly suitable for use with non-equimolar heterogeneous 
complex mixtures. 

The step of accurately determining the mass to charge ratio of 
the first molecules preferably comprises determining the mass to 
charge ratio of the first molecules to within 20 ppm, 19 ppm, 18 
ppm, 17 ppm, 16 ppm, 15 ppm, 14 ppm, 13 ppm, 12 ppm, 11 ppm, 10 
ppm, 9 ppm, 8 ppm, 7 ppm, 6 ppm, 5 ppm, 4 ppm, 3 ppm, 2 ppm, 1 ppm 
or < 1 ppm. Preferably, step of accurately determining the mass to 
charge ratio of the first molecules comprises determining the mass 
to charge ratio of the first molecules to within 15-20 ppm, 10-15 
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ppm, 5-10 ppm or 1-5 ppm. Preferably, the step of accurately 
determining the mass to charge ratio of the first molecules 
comprises determining the mass to charge ratio of the first 
molecules to within 0.01 mass units, 0.009 mass unxts, 0.008 mass 
units, 0.007 mass units, 0.006 mass units, 0.005 mass unxts, 0 004 
mass units, 0.003 mass units, 0.002 mass units, 0.001 mass unxts or 

< 0.001 mass units. 

First molecules may separated from other molecules xn the 
mixture by virtue of the first physico-chemical property e.g. 

elution/retention time. n,n„ 
The first molecules may be temporally and/or spatially 
separated from other molecules in the mixture. 

Preferably, the first molecules are separated from other 
molecules in the mixture by: (i) High Performance Lxquxd 
Chromatography ("HPLC"); (11, anion exchange; (ill) anxon exchange 
chromatography; (iv) cation exchange; (v) cation -change 
chromatography; (vi) ion pair reversed-phase f™*™^^ 
chromatography; (vii) single dimensional electrophoresis ix) 
m ulti-dimensional electrophoresis; (x) size exclusion; (xx) 
affinity; (xii) revere phase chromatography; (xxxx) Capxllary 
atrinity, f n PBC i.%. ( X iv) electrophoresxs; (xv) 

Electrophoresis Chromatography ( CBC ) , (xxv, 
ion mobility separation; (xvi) Field Asymmetrxc Ion Mobxlxty 
Separation ("HUMS"); or (xvi) capillary electrophoresxs 

Embodiments are also contemplated wherein the fxrst physxco- 
r-hemical property (e.g. net charge, charge state, ionxc charge or 
chemxcal property l g determined from a mass spectrum 

composite observed charge state) xs determined 

of molecules in the mixture. 

The method may further comprise: 

measuring a second physico-chemical property other than mass 
to charge ratio of the first molecules in the mixture, the second 
p^co-chemical property being different from the fxrst physxco- 

^t^rs^ot -tifying the first molecules ^ 
comprises identifying the first molecules on the basis of t le st 
the first and second physico-chemical, properties and the determxned 
mass to charge ratio of the first molecules. 
The method may further comprise: 

^Ixin, , tblxd physico-che^cai property * 
charae ratio of the first molecule in the mature, the third 
P hX -iLicel property bein g different fro, the first end second 
physico-chemical properties; and 

wherein the step of identifying the first molecules further 
comprises identifying the first molecules on the basxs of at least 
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the first, second and third physico-chemical properties and the 
determined mass to charge ratio of the first molecules. 
The method may further comprise: 

measuring a fourth physico-chemical property other than mass 
to charge ratio of the first molecules in the mixture, the fourth 
physico-chemical property being different from the first, second 
and third physico-chemical properties'; and 

wherein the step of identifying the first molecules further 
comprises identifying the first molecules on the basis of at least 
the first, second, third and fourth physico-chemical properties and 
the determined mass to charge ratio of the first molecules. 

The method may further comprise: 

measuring a fifth or yet further physico-chemical property 
other than mass to charge ratio of the first molecules in the 
mixture, the fifth or yet further physico-chemical property being 
different from the first, second, third and fourth physico-chemical 
properties; and 

wherein the step of identifying the first molecules further 
comprises identifying the first molecules on the basis of at least 
the first, second, third, fourth, fifth or yet further physico- 
chemical properties and the determined mass to charge ratio of the 
first molecules. 

The first and/or second and/or third and/or fourth and/or 
fifth or yet further physico-chemical property may be selected from 
the group consisting of: (i) elution time, hydrophobicity, 
hydrophilicity, migration time, or chromatographic retention time; 
(ii) solubility; (iii) molecular volume or size; (iv) net charge, 
' charge state, ionic charge or composite observed charge state; (v) 
isoelectric point (pi); (vi) dissociation constant (pKa) ; (vii) 
antibody affinity; (viii) electrophoretic mobility; (ix) ionisation 
potential; (x) dipole moment; (xi) hydrogen-bonding capability or 
hydrogen-bonding capacity; and (xii) ion mobility in gas phase. 

One or more endogenous and/or one or more exogenous molecules 
may be used as an internal standard. The internal standard may be 
used to calibrate at least the first physico-chemical property and 
optionally the second and/or third and/or fourth and/or firth or 
yet further physico-chemical property. 

The step of identifying the first molecules may comprise 
comparing the first physico-chemical property and optionally the 
second and/or third and/or fourth and/or fifth or yet further 
physico-chemical properties and the determined mass to charge ratio 
of the first molecules with an index of molecules, wherein the 
index comprises: 
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(i) the identity of each indexed molecule; 

(ii) an experimentally determined or predicted first physxco- 
chemical property of each indexed molecule; and 

(iii) an experimentally determined or predxcted accurate mass 
or mass to charge ratio (s) of each indexed molecule. 

The first molecules comprise a peptide and the index of 
molecules comprises an index of peptides. , 

The index of peptides may be generated by determxnxng how one 
or more proteins might fragment or be digested so as to result xn a 

- —e a peptide and the index of 
molecules may comprises an index of proteins. 

Preferably, the first molecules are identified on the basxs 

(i) the closeness of fit of the determined mass to charge 
ratio of the first molecules with the mass or mass to charge ratxo 
of an indexed molecule; and/or 

(ii) the closeness of fit of the first physxco-chemxcal 
property of the first molecules with the first physico-property of 
the indexed molecule; and/or 

(iii) the closeness of fit of a second physico-chemical 
property of the first molecules with the second physico-property of 

the indexed molecule; and/or rirnrio _ tu 

(iv) the closeness of fit of a third physico-chemxcal property 
of the first molecules with the third physico-property of the 

indS tt~f fit of a fourth physico-chemical property 
of the first molecules with the fourth physico-property of the 
indexed molecule; and/or r q _ 

(vi. the closeness of fit or a iij-uu jt 
chejal property of the first molecules with fifth or yet further 
Dhysico-property of the indexed molecule. 

jf e T , the r - — r:^ 

S^TSTo," ~ physioo-ehe^eal properties fro, 
an index of molecules, the index comprising: 

(i) the identity of each indexed molecule; and 
ii, an experimentally determined or predicted accurate mass 
or mass to charge ratio (s) of each indexed molecule. 

The index may comprise a protein or proteome sequence 
database, an Expressed Sequence Tag (EST) database or a gene or 

9&n ° m \ocT^'to another aspect of the present invention there is 
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provided a method of generating an index for use in identifying 
molecules of biological origin by mass spectrometry comprising: 

accurately determining the masses or mass to charge ratios of 
molecules of biological origin; 

determining a first physico-chemical property other than mass 
or mass to charge ratio of the molecules of biological origin; and 

optionally determining a second and/or third and/or fourth 
and/or fifth or yet further physico-chemical property of the 
molecules of biological origin. 

According to another aspect of the present invention there is 
provided a method of generating an index for use in identifying 
molecules of biological origin by mass spectrometry comprising: 

accurately determining the masses or mass to charge ratios of 
molecules comprising peptides resulting from the digestion or 
fragmentation of a polypeptide or protein; 

determining a first physico-chemical property other than mass 
or mass to charge ratio of the molecules comprising peptides; and 

optionally determining a second and/or third and/or fourth 
and/or fifth or yet further physico-chemical property of the 
molecules comprising peptides . 

According to another aspect of the present invention there is 
provided a method of generating an index for use in identifying 
molecules of biological origin by mass spectrometry comprising: 

accurately determining the masses or mass to charge ratios of 
molecules comprising peptides resulting from the digestion or 
fragmentation of a polypeptide or protein; 

determining a first physico-chemical property other than mass 
or mass to charge ratio of one or more proteins from which the 
peptides are derived; and 

optionally determining a second and/or third and/or fourth 
and/or fifth or yet further physico-chemical property of the 
proteins . 

Preferably, the mass to charge ratio of the molecules is 
determined to within 20 ppm, 19 ppm, 18 ppm, 17 ppm, 16 ppm, 15 
ppm, 14 ppm, 13 ppm, 12 ppm, 11 ppm, 10 ppm, 9 ppm, 8 ppm, 7 ppm,. 6 
ppm, 5 ppm, 4 ppm, 3 ppm, 2 ppm, 1 ppm or < 1 ppm. Preferably, the 
mass to charge ratio of the molecules is determined to within 15-20 
ppm, 10-15 ppm, 5-10 ppm or 1-5 ppm. Preferably, the mass to 
charge ratio of the molecules is determined to within 0.01 mass 
units, 0.009 mass units, 0.008 mass units, 0.007 mass units, 0.006 
mass units, 0.005 mass units, 0.004 mass units, 0.003 mass units, 
0.002 mass units, 0.001 mass units or < 0.001 mass units. 

The first and/or second and/or third and/or fourth and/or 



WO 03/054549 



- 22 - 



PCT/GB02/05571 

♦ i 



fifth or yet further physico-chemical property may be selected from 
the group consisting of: (i) elution time, hydrophobicity, 
hydrophilicity, migration time, or chromatographic retention time; 
(ii) solubility; (iii) molecular volume or size; (iv) net charge, 
charge state, ionic charge or composite observed charge state; (v) 
isoelectric point (pi) ; (vi) dissociation constant (pKa) ; (vii) 
antibody affinity; (viii) electrophoretic mobility; (ix) ionisation 
potential; (x) dipole moment; (xi) hydrogen-bonding capability or 
hydrogen-bonding capacity; and (xii) ion mobility in gas phase. 

A relatively low priority may be assigned to molecules having 
masses or mass to charge ratios below a lower threshold. Indeed 
such molecules may effectively be ignored. The lower threshold may 
be in the range < 500, 500-1000, 1000-1500, 1500-2000, 2000-2500, 
2500-3000 or 3000-3500 daltons. The lower threshold may for 
example correspond with the masses or mass to charge ratios of 
peptides having less than 6, 7, 8, 9, 10, 11 or 12 amino acids. A 
relatively low priority may also be assigned to molecules having 
masses or mass to charge ratios above an upper threshold. The 
upper threshold may be in the range 5000-5500, 5500-6000, 6000- 
6500 6500-7000, 7000-7500, 7500-8000, 8000-8500, 8500-9000, 9000- 
950o' 9500-10000, 10000-10500, 10500-11000, 11000-11500, 11500- 
12000, 12000-12500, 12500-13000, 13000-13500, 13500-14000, 14000- 
14500, 14500-15000, 15000-15500, 15500-16000, 16000-16500 and > 
16500 daltons. 

The first and/or second and/or third and/or fourth and/or 
fifth and yet further physico-chemical properties may be 

calculated. _ 

According to another aspect of the present invention there is 

provided a mass spectrometer comprising: 

a mass analyser for accurately determining the mass to charge 
ratio of the first molecules ; 

wherein in use at least a first physico-chemical property 
other than mass to charge ratio of the first molecules is measured 
and optionally a second and/or third and/or fourth and/or fifth or 
yet further physico-chemical property is measured; 

and wherein the mass spectrometer further comprises means for 
identifying the first molecules on the basis of at least the first 
physico-chemical property and the accurately determined mass to 
charge ratio of the first molecules and optionally on the basis of 
the second and/or third and/or fourth, and/or fifth or yet further 
physico-chemical property. 

* ' The first and/or second and/or third and/or fourth and/or 
fifth or yet further physico-chemical properties may be measured 
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using: (i) a liquid chromatography or High Performance Liquid 
Chromatography ("HPLC") column; (ii) a reverse phase High 
Performance Liquid Chromatography column; (iii) an ultra High 
Pressure Liquid Chromatography column; (iv) a size exclusion 
chromatography column; (v) an affinity chromatography column; (vi) 
a Capillary Electrophoresis ("CE") column; (vii) an ion 
chromatography column; (viii) a single dimensional or multi- 
dimensional electrophoresis device; or (ix) a drift tube comprising 
a gas . 

The first and/or second and/or third and/or fourth and/or 
fifth or yet further physico-chemical properties may 
additionally/alternatively be measured from a mass spectrum of the 
first molecules. For example, net charge, charge state, ionic 
charge or composite observed charge state may be measured or 
determined from a mass spectrum by virtue of the mass to charge 
ratio separation of peaks in the mass spectrum. 

The first and/or second and/or third and/or fourth and/or 
fifth or yet further physico-chemical property may be selected from 
the group consisting of: (i) elution time, hydrophobicity, 
hydrophilicity, migration time, or chromatographic retention time; 
(ii) solubility; (iii) molecular volume or size; (iv) net charge, 
charge state, ionic charge or composite observed charge state; (v) 
isoelectric point (pi); (vi) dissociation constant (pKa) ; (vii) 
antibody affinity; (viii) electrophoretic mobility; (ix) ionisation 
potential; (x) dipole moment; (xi) hydrogen-bonding capability or 
hydrogen-bonding capacity; and (xii) ion mobility in gas phase. 

The mass to charge ratio of the first molecules is preferably 
determined to within 20 ppm, 19 ppm, 18 ppm, 17 ppm, 16 ppm, 15 
ppm, 14 ppm, 13 ppm, 12 ppm, 11 ppm, 10 ppm, 9 ppm, 8 ppm, 7 ppm, 6 
ppm, 5 ppm, 4 ppm, 3 ppm, 2 ppm, 1 ppm or < 1 ppm. Preferably, the 
mass to charge ratio of the first molecules is determined to within 
15-20 ppm, 10-15 ppm, 5-10 ppm or 1-5 ppm. Preferably, the mass to 
charge ratio of the first molecules is determined to within 0.01 
mass units, 0.009 mass units, 0.008 mass units, 0.007 mass units, 
0.006 mass units, 0.005 mass units, 0.004 mass units, 0.003 mass 
units, 0.002 mass units, 0.001 mass units or < 0.001 mass units. 

The mass spectrometer may comprise a Fourier Transform ("FT") 
mass spectrometer, a Fourier Transform Ion Cyclotron Resonance 
("FTICR") mass spectrometer, a Time of Flight ("TOF") mass 
spectrometer, an orthogonal acceleration Time of Flight ("oaTOF") 
mass spectrometer, a magnetic sector mass spectrometer, a 
quadrupole mass analyser, an ion trap mass analyser or a Fourier 
Transform orbitrap, electrostatic Ion Cyclotron Resonance mass 
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spectrometer or electrostatic Fourier Transform mass spectrometer. 

The mass spectrometer preferably further comprises an ion 
source for generating mainly molecular or pseudo-molecular ions. 
The ion source may comprise an atmospheric pressure ionization 
source e.g. an Electrospray ionisation ("ESI") ion source, an 
Atmospheric Pressure Chemical Ionisation ("APCI") ion source, an 
Atmospheric Pressure Photo Ionisation ("APPI") ion source or an 
atmospheric pressure Matrix Assisted Laser Desorption Ionisation 
("MALDI") ion source. Alternatively, the ion source may comprise a 
non-atmospheric pressure ionization source e.g. a Fast Atom 
Bombardment ("FAB") ion source, a Liquid Secondary Ions Mass 
Spectrometry ("LSIMS") ion source, a Matrix Assisted Laser 
Desorption Ionisation ("MALDI") ion source, a Matrix Assisted Laser 
Desorption ("MALDI") ion source in combination with a collision 
cell for collisionally cooling ions or a Laser Desorption 
Ionisation ("LDI") ion source. 

• According to another aspect of the present invention there is 
provided a mass spectrometer, comprising: 

identification means for identifying first molecules analysed 
by the mass spectrometer, wherein the identification means refers, 
in use, to an index of molecules, the index comprising: 

(i) the identity of each indexed molecule; 

(ii) an experimentally determined or predicted first physico- 
chemical property of each indexed molecule; 

(iii) an experimentally determined or predicted accurate mass 
or mass to charge ratio (s) of each indexed molecule; and 

(iv) optionally an experimentally determined or predicted 
second and/or third and/or fourth and/ or fifth or yet further 
physico-chemical property of each indexed molecule. 

Preferably, the index is at least partially stored or 
generated within the mass spectrometer and/or wherein the index is 
at least partially stored or generated remotely, preferably on the 
internet . 

According to another aspect of the present invention there is 
provided a mass spectrometer comprising: 

identification means for identifying first molecules analysed 
by the mass spectrometer, wherein the identification means refers, 
in use, to an index of molecules, the index comprising: 

(i) the identity of each indexed molecule; and 

(ii) an experimentally determined or predicted accurate mass 
or mass to charge ratio (s) of each indexed molecule; 

and wherein the identification means further determines a 
first physico-chemical property other than mass or mass to charge 
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ratio of the molecules in the index and optionally determines a 
second and/or third and/or fourth and/or fifth or yet further 
physico-chemical property of the molecules in the index. 

Preferably, the index comprises: (i) a protein or proteome 
sequence database; (ii) an Expressed Sequence Tag (EST) database; 
or (iii) a gene or genome database. 

According to another aspect of the present invention there is 
provided method of mass spectrometry, comprising: 

providing a mixture of proteins; 

providing a mixture of peptides derived from at least some of 
the proteins; 

measuring a first physico-chemical property other than mass or 
mass to charge ratio of either at least one protein in the mixture 
of proteins and/or first molecules comprising peptides in the 
mixture of peptides ; 

optionally measuring a second and/or third and/or fourth 
and/or fifth or yet further physico-chemical property other than 
mass or mass to charge ratio of either the at least one protein in 
the mixture of proteins and/or the first molecules comprising 
peptides in the mixture of peptides; 

accurately determining the mass to charge ratio of the first 
molecules comprising peptides; and 

identifying the first molecules comprising peptides on the 
basis of at least the measured first physico-chemical property 
other than mass or mass to charge ratio of either at least one 
protein in the mixture of proteins and/or first molecules 
comprising peptides in the mixture of peptides and the accurately 
determined mass to charge ratio of the first peptides and 
optionally also on the basis of the second and/or third and/or 
fourth and/or fifth or yet further physico-chemical properties. 

The preferred embodiment provides an analytical method that 
identifies and/or quantitates the biopolymers present in a mixture. 

The biopolymers may be proteins . The mixture under study may be 
fractionated by one or more separation steps while recording the 
retention times of each component. Where the biopolymers are 
proteins, each fraction may then subjected to enzymatic digestion 
of to obtain mixtures of peptides. These peptide pools may then 
fractionated by one or more separation steps while recording the 
retention times of each component. Each fraction may then 
subjected to mass spectrometry to determine the masses and areas of 
the peptides. Throughout these processing steps a variety of 
internal standards and calibrants may be introduced into the 
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samples in order to monitor the performance and reproducibility of 
the processes. 

An appropriate database may be computationally constructed for 
the samples under investigation. This database may comprise a 
collection of sequences of proteins hypothesized to be present in 
the samples under study and may include known and/or hypothesized 
post-translational modifications. The database may then be 
expanded by predicting, (a) the retention times of proteins based 
on experimental parameters used; (b) the peptides generated by 
enzymatic digestion on experimental parameters used; (c) the 
retention times of peptides based on experimental parameters used; 
and (d) the masses of the peptides. 

The experimental data is compared with the computationally 
generated database. Each data point is assigned a peptide based on 
the statistical significance of the correlation thereby identifying 
the proteins in the mixture (s). Furthermore, the areas of the 
assigned peptides are compared between protein mixtures to 
determine the relative change of peptides and/or post- 
translationally modified peptides. Finally, the quantitative 
information gained from this analysis may be used to validate the 
protein assignments. 

Mass spectrometry is used for characterization of the accurate 
mass of a plurality of biological molecules in a mixture, 
particularly wherein one or more of the biological molecules is 
characterized, such that one or more of the mixture's components 
may be identified and/or quantitated. 

A method is provided for determining which members of a set of 
candidate biopolymers are present in a mixture of sample 
biopolymers. The method comprises the steps of: 

(a) optionally subjecting the mixture of sample biopolymers to 
one or more fractionation steps, so as to obtain a .plurality of 
sample biopolymer fractions; 

(b) selectively digesting a plurality of the sample 
biopolymers, to obtain a digest comprising a mixture of sample 
fragments ; 

(c) subjecting the digest to one or more fractionation steps, 
so as to obtain a plurality of sample fragment fractions; 

(d) determining the accurate masses of individual sample 
fragments present in one or more fractions; 

(e) attributing one or more physicochemical properties to the 
individual sample fragments, based upon the particular sample 
fragment fraction each individual sample fragment was fractionated 
into; 
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(f ) optionally attributing one or more physicochemical 
properties to the sample biopolymers from which the sample 
fragments were derived, based upon the particular sample biopolymer 
fraction the sample biopolymers were fractionated into; and 

(g) identifying individual sample fragments by comparing the 
accurate mass and attributed' physicochemical properties of the 
sample fragments with the accurate masses and physicochemical 
properties of candidate fragments derived from a set of candidate 
biopolymers that are known to have some probability of being 
present in the sample. 

Optionally, the attributed physicochemical properties of the 
sample biopolymers from which the sample fragments were derived are 
compared to the physicochemical properties of the candidate 
biopolymers, and a candidate biopolymer is identified as being 
present in the sample on the basis of the identification in step 
(g) of one or more fragments thereof in the sample fragment 
mixture . 

Preferably, the accurate masses and physicochemical properties 
of candidate fragments are stored in a calculated fragment map, 
which is derived from a set of candidate biopolymers that are known 
to have some probability of being present in the sample. 

In one embodiment, the method includes generating a sample 
fragment map which correlates the accurate mass of individual 
sample fragments with the attributed physicochemical properties of 
the individual sample fragments. The identification of individual 
sample fragments is done by comparing the sample fragment map to 
the calculated fragment map. 

Optionally, a known amount of one or more reference 
biopolymers is added at any time prior to determining the accurate 
masses of the individual sample fragments. Preferably, the 
reference biopolymers are added prior to selectively digesting the 
plurality of sample biopolymers. Preferably, the physicochemical 
properties of the reference biopolymers are known, and are used to 
validate the physicochemical properties attributed to the 
particular sample biopolymer fractions that the sample biopolymers 
were fractionated into. 

In another embodiment, the relative amounts of individual 
sample fragments and reference biopolymer fragments are determined. 

Preferably, one or more reference biopolymers are added to a 
plurality of sample biopolymer mixtures, sample biopolymer 
fractions, digests, or sample fragment fractions. 

In the above-described methods, the accurate masses are 
preferably determined by mass spectrometry. Preferably, the 
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methods are carried out without obtaining secondary MS /MS mass 
spectra of the measured fragment ions. 

Among the physicochemical properties employed according to the 
preferred embodiments are pi, chromatographic retention time, 
electrophoretic mobility, ionic charge, ionization potential, 
hydrophilicity, hydrophobicity, dipole moment, size, hydrogen- 
bonding capability, and antibody affinity. 

Preferably at least one fractionation step employed in the 
methods of the preferred embodiment is reverse-phase 
chromatography . 

The methods of the preferred embodiment are particularly 
suitable where the biopolymer is a protein. The methods are 
preferably applied to mixtures comprising at least 100, 1000 or 
5,000 or more proteins. 

The preferred embodiment provides an analytical method for 
identifying and quantitating the proteins present in a complex 
mixture of proteins. In this embodiment, the method comprises the 
steps of: 

subjecting a mixture of proteins to one or more separation 
steps while recording the associated retention and/or migration 
times; 

selectively digesting the proteins present in the resulting 
fractions to obtain mixtures of protein fragments; 

subjecting the resulting mixtures to one or more separation 
steps while recording the associated retention and/or migration 
times; 

accurately measuring the masses of individual protein 
fragments in the resulting fractions by mass spectrometry; and 

identifying individual protein fragments by comparing the 
measured masses and retention and/or migration times of the protein 
fragments with calculated values. 

In a preferred embodiment, the method includes a determination 
of the relative amounts of individual protein fragments, based on 
the mass spectral response. In another embodiment, the relative 
amounts- of individual protein are used to help identify the 
proteins. 

In the above-described embodiments, retention and or migration 
times are preferably obtained from appropriate modes of high 
performance chromatography, electrophoresis, and ion mobility mass 
spectrometry . 

According to an embodiment amino acid modifications and the 
relative amounts thereof may be identified and measured. An 
embodiment will be described below in further detail with respect 
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to the analysis of protein mixtures. With modifications known to 
be appropriate to the particular biopolymer under study, the 
methods of the preferred embodiment may also be applied to RNA, DNA 
and polysaccharides. 

A method for the identification and quantitation of 
biopolymers in mixtures is disclosed. The biopolymer may be a 
protein or peptide, a nucleic acid, or a polysaccharide, preferably 
a protein or peptide or nucleic acid, and most preferably a protein 
or peptide. The method is capable of identifying and quantitating 
one or more biomolecules from very complex mixtures, for example 
nucleic acids present in a genome and proteins present in a 
proteome - 

According to an embodiment there is provided the selective 
cleavage of the macromolecules with reagents that cleave only at 
selected sites of the macromolecule, for example cleavage of 
nucleic acids by restriction enzymes, cleavage of proteins by 
selective peptidases, and cleavage of polysaccharides by 
glycosidases . Among the peptidases that may be employed are 
trypsin, endoprotease-LysC, endoprotease-ArgC, endoprotease GluC, 
and chymotrypsin. The selective cleavage is preferably followed by 
separation of the resulting fragments on the basis of at least a 
first physico-chemical property, and optionally further separation 
on the basis of a second, third or further physico-chemical 
properties. The mass of the fragments are then measured with high 
precision, and by comparison of the results to a database of 
expected fragments which contains information about their exact 
mass and physico-chemical properties, the method arrives at the 
identity of the fragments. From the identity and quantity of the 
fragments, the identity and original quantity of the biopolymer can 
be determined. 

In the case of proteins, the method combines the exact mass of 
peptide fragments with one or more physico-chemical properties of 
the peptide fragments, to identify the fragments and assign them to 
known proteins. This method is used to create detailed ion maps of 
proteins in the proteome. These ion maps will simultaneously yield 
accurate identification of and quantitative information regarding 
proteins in the proteome. , 

The mass of enzymatically or chemically derived peptides is 
preferably measured or determined to an accuracy of about 10 ppm, 
most preferably to an accuracy of about 5 ppm, and particularly 
preferred to an accuracy of about 1 to about 5 ppm, or less. 

Included in the ion maps is information regarding one or more 
physico-chemical properties of these enzymatically or chemically 
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derived peptides defined within the experimental parameters. This 
physico-chemical information may include, but is not limited to, 
the accurate mass, hydrophobicity/hydrophilicity, and net charge. 
In addition, the proteins in the sample mixture (s) may be pre- 
fractionated or fractionated by any of a number of different 
methods including through the use of column matrices, such as but 
not limited to size exclusion, cation exchange, anion exchange, 
heparin, sepharose. This fractionation may occur prior to and/or 
following enzymatic or chemical digestion of the protein mixture. 
The fractionation may be utilized to generate one or more sub- 
fractions, with a thereby assigned character, which can then be 
digested and/or further fractionated. This fractionation and 
separation process will provide additional information to be added 
to the ion map and inputted into an identification and quantitation 
algorithm thereby further increasing the stringency of search. 

The optional incorporation of an internal standard provides a 
means for quantitating the abundance of a protein or peptide, 
thereby accomplishing absolute quantitation of a protein or peptide 
in a sample. Relative quantitation of protein abundances in 
complex mixtures is accomplished by comparing ion maps generated in 
different conditions (e.g. diseased vs. non-diseased, treated vs. 
non-treated) . 

Thus, an overall method for identifying and quantitating the 
proteins and/or peptides in a mixture, particularly a complex 
mixture is provided, whereby a series of experimentally derived 
highly accurate molecular masses is correlated and compared with a 
database consisting of theoretical molecular masses. In addition 
to molecular mass, one or more physico-chemical properties or 
characteristics of the proteins and/or peptides is utilized in 
correlation and verification of the mixture proteins /peptides with 
a database or protein data set. 

Proteins in a sample mixture being analyzed may be separated 
by single or multi-dimensional electrophoresis and/or 
chromatography, e.g. size exclusion, anion exchange, cation 
exchange, affinity or any combination thereof with each resulting 
subset being subject to enzymatic or chemical treatment with the 
specific intent of generating sub-sequences of peptides from such. 
The resulting peptides generated from each subset may then be 
subjected to mass spectrometric analysis, with the separation 
apparatus preferably directly or indirectly coupled to a mass 
spectrometer. More specifically, with respect to electrospray 
ionization mass spectrometry, the elution path of the 
separation/concentration apparatus can be directly coupled to the 
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ionization source of the mass spectrometer. With respect to 
nano-electrospray ionization mass spectrometry, the eluent from the 
separation/concentration apparatus can be directly deposited into 
the nano-electrospray emitter or into any connection in fluid 
registration therewith. With respect to MALDI mass spectrometry, 
the eluent from the separation/concentration apparatus is directly 
deposited in timed fractions, or fractions selected by peak 
detection by such methods as UV or fluorescence, onto the MALDI 
targets. In all instances, the ultimate outcome will be generation 
of a plurality of experimentally derived mass-charge values whose 
elution/detection time is based on the constraints for elution 
dictated by the previous separation/concentration apparatus used 
prior to. peptide ionization. A peak picking algorithm reconstructs 
a calculated molecular mass map of each subset of enzymatically or 
chemically treated protein or protein pool, included in which is a 
listing of all pertinent information relating to the creation of 
the subset. More specifically included will be the molecular 
weight range of the intact protein (s), the intact protein (s) net 
charge, and the intact protein (s) affinity to name only a few. 
Also included may be properties including but not limited to the 
net charge, hydrophobicity, hydrophilicity, and electrophoretic 
mobility of each separated sub-sequence from the enzymatically or 
chemically treated peptide pools prior to ionization . 

Further, a control or controls of known concentration may 
optionally be included and placed directly into the selected 
separation buffers prior to peptide ionization or directly into the 
pre-separated/concentrated peptide subsets. Preferably, the 
control will be approximately equimolar and of a type that will not 
interact with the separation/concentration support matrix. The 
addition of the control (s) in a known concentration will facilitate 
quantitation of the identified proteins. 

Identifications may be made using any of a number of different 
non-redundant protein or nucleotide sequence databases, such as for 
example, Genbank, SWISS-PROT, EMBLE, TREMBLE, Pdb, Genseq, etc. 
These databases may be used to predict highly accurate molecular 
mass maps of any of a number of different enzymatically or 
chemically digested proteins for comparison with the experimentally 
derived data. In one embodiment, proteins having a statistically 
relevant number of peptides whose calculated molecular masses are 
substantially equal to that of the method's prediction are 
identified as candidate proteins. For each candidate protein, a 
plurality of peptide molecular masses are identified based on their 
accuracy to the method's prediction resulting in a ranked predicted 
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protein list. The peptides identified in the ranked protein list 
are then cross correlated by their closeness of fit to the 
characterized physico-chemical properties, including for instance 
hydrophilicity/hydrophobicity, basicity/acidity values of the 
peptide. In one embodiment, a multi-step reiterative process of 
analysis is provided, wherein mass accuracy is assessed as a first 
analysis, followed by assessment of correlation by various 
determined physico-chemical properties, including hydrophilicity, 
net charge, and protein net charge or size depending on how the 
sample mixture was fractionated or characterized. 

By characterization of mixtures under different conditions or 
from different sources, the method of the invention provides a 
means for determining protein concentrations, up and/or down 
regulation, complex formation, post-trans lational modification, and 
processing of proteins, from non-equimolar heterogeneous complex 
protein mixtures. The skilled artisan may then utilize the 
resulting information to determine and/or identify therapeutically 
or diagnostically relevant targets for study, screening, or 

intervention. , 

The preferred embodiment provides a means for quantitatively 
comparing the relative level of chemical components contained in 
two or more complex chemical mixtures such as those which may be 
encountered in the field of metabolomics or proteomics or other 
life science comparative experiments. In at least one embodiment, 
the method of the invention provides information that may be used 
to qualitatively identify one or more chemical components in each 

chemical mixture. 

An embodiment includes the steps of measuring two or more 
physico-chemical properties of each chemical component in a mixture 
with one of these properties being its accurate mass as determined 
by mass spectrometry. Other physico-chemical properties include, 
for example, order of elution in one or more specifically defined 
chromatographic separations, net charge, pi, P Ka, and antibody 
affinity. The accurate mass and physico-chemical property 
collection of information measured for each component provides a 
distinguishing signature for each component in each mixture. 
Finally, the method of the invention includes the step of measuring 
the mass spectrometry signal intensity or chromatographic peak 
area of each chemical component in each mixture. Preferably this 
intensity or peak area measurement is based on accurate mass. 

As previously mentioned, a highly desirable task in 
comparative life science experiments is to determine whether any 
chemical components in two or more mixtures of samples of 
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biological origin have changed in their level of abundance relative 
to other chemical components common to each mixture. The method of 
the invention allows chemical components common to each sample 
mixture to be matched based on their physico-chemical property 
distinguishing signatures. It is not necessary for the chemical 
identity of each component to be known for a match to be 
accomplished. It is only necessary that the accurate mass and 
physico-chemical property signature of each chemical component 
allows it to be uniquely distinguished from other chemical 
components in the mixture. The determination of the relative 
abundance of each matched chemical component is made by first 
determining the abundance of that chemical component relative to 
the abundance of a second endogenous chemical component common to 
both mixtures that has been determined to be unchanged in a 
statistically significant manner in its relative abundance level in 
'the two sample states being compared. An endogenous chemical 
component with these properties serves as an internal standard. The 
ratio of each matched chemical component in each mixture relative 
to the same endogenous internal standard in each mixture is then 
compared to provide the relative abundance level difference of each 
matched chemical component in each mixture. In some instances the 
addition of exogenous chemical species to each chemical mixture as 
internal standards may facilitate estimates of recovery, enzymatic 
digestion efficiency when applicable, accurate mass measurement and 
chromatographic elution time correction. 

In some life science experiments , the chemical components in a 
sample mixture are known to be constrained to a well characterized 
list of chemical components. For example, in a proteomics 
experiment, the proteins being studied may be known to emanate from 
a particular organism or a well characterized fraction or subset of 
the proteome of a particular organism-. The proteins which could be 
contained in such a sample or sample sub-fraction in many cases are 
substantially known. Accordingly the polypeptides produced when 
such a protein mixture is enzymatically digested using a selective 
peptidase may be predicted and the accurate mass and many of the 
physico-chemical properties of each of these polypeptides may be 
calculated. A preferred method allows the empirically measured 
accurate mass and physico-chemical properties of each unknown 
polypeptide in a mixture to be compared to the calculated accurate 
mass and physico-chemical properties of each polypeptide that could 
be theoretically contained in the mixture. The chemical identity 
of a polypeptide in the unknown mixture may be ascertained by its 
closeness of fit to the accurate mass and physico-chemical 
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methods of the invention. Ideally, mass spectrometers capable of 
high mass accuracy, high sensitivity and high resolution are 
employed. The mass analyzers of such mass spectrometers include, 
but are not limited to, quadrupole, Time of Flight, ion trap, 
magnetic sector or FT-ICR or combinations thereof. Ideally the ion 
source of the mass spectrometer should yield mainly sample 
molecular ions, or pseudo-molecular ions, and few fragment ions. 
Examples of such ion sources include atmospheric pressure 
ionization sources (e.g. electrospray and atmospheric chemical 
ionization) and Matrix Assisted Laser Desorption Ionization 
("MALDI") . 

Ideally the mass spectrometer will accurately measure the mass 
of a chemical species of interest to within 20 ppm of its exact or 
calculated mass, more preferably to accuracy to within 10 ppm of 
its exact or calculated mass, and most preferably to an accuracy 
within 5 ppm of its exact or calculated mass. 

Ideally the mass analyzer should sample and record the whole 
mass spectrum simultaneously and with a frequency that allows 
enough spectra to be acquired for a plurality of components in the 
mixture to ensure that the mass spectrometric signal intensity or 
peak area is quantitatively representative. This will also ensure 
that the elution times observed for all the masses would not be 
modified or distorted by the mass analyzer and it would help ensure 
that quantitative measurements are not compromised by the need to 
measure abundances of transient signals. 

The preferred embodiment takes advantage of the fact that each 
chemical component in a complex chemical mixture can be 
characterized in a highly specific manner by measurement of its 
accurate mass and one or more additional physico-chemical 
properties. This highly specific information allows chemical 
.components common to different chemical mixtures to be matched and 
quantitatively compared. In some experiments, when the chemical 
components in a sample mixture are known to be constrained to a 
well characterized list of chemical components, it is also possible 
to qualitatively identify the chemical components in the mixture. 

Although the methods of the preferred embodiment may be 
applied to a wide variety of life science experiments, the 
description of its application to the qualitative and quantitative 
characterization of a protein mixture is illustrative. The protein 
mixture may be simple in composition or it may be comprised of at 
least 100 proteins or even greater than 1,000 proteins. 

According to an embodiment the method comprises the following 
steps: 
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subjecting a mixture of proteins to one or more separation 
steps while recording the physico-chemical properties of each 

fraction collected; 

digesting the proteins present in the resulting fractions with 
a selective peptidase to- obtain mixtures of protein fragments or 
polypeptides ; 

subjecting the resulting polypeptide mixtures to one or more 
chromatographic separation steps while recording the associated 
chromatographic elution times; 

accurately measuring the masses of individual polypeptides in 
the resulting fractions by mass spectrometry; 

identifying individual polypeptides by comparing their 
measured accurate mass and one or more physical chemical properties 
to the calculated accurate mass and physico-chemical properties of 
polypeptides which could theoretically be associated with a 
constrained list of proteins that is representative of the sample 
being studied. 

in some situations it is of interest to quantitatively compare 
the relative level of individual proteins in two different sample 
mixtures of biological origin. For example, the two protein 
mixtures may be representative of two different states of an 
organism such as diseased versus normal or treated versus 
untreated. The information gained above facilitates such a 
quantitative assessment. Mixtures of this type which are of 
similar biological origin and which been prepared in a nearly 
identical manner according to good analytical practice are for the 
most part very similar qualitatively and quantitatively in chemical 
composition. In general, most of the proteins in such mixtures are 
qualitatively the same and they are present in the same relative 
abundance. Polypeptides from these proteins represent a pool of 
endogenous internal standards which facilitate the discovery and 
quantitative measurement of polypeptides and hence the proteins 
that have changed in their relative abundance in the two sample 
states being compared. 

According to an embodiment the method comprises matching 
polypeptides that are common to the one or more mixtures being 
compared based on their distinguishing accurate mass and physical 
chemical properties. It is not necessary for the chemical identity 
of each polypeptide to be known for a match to be accomplished. It 
is only necessary that the physico-chemical property signature of 
each polypeptide allows it to be uniquely distinguished from other 
polypeptides in the mixture. A number of endogenous polypeptides 
may be tested to determine if they qualify as internal standards. 
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A polypeptide qualifies as an internal standard if its abundance 
level relative to other specific polypeptides in the mixture does 
not vary in a statistically significant manner when compared to the 
same polypeptide abundance ratios in the other sample state 
mixtures of interest. The ratio of the abundance of each 
polypeptide in each mixture relative to the abundance of a 
designated internal standard common to each mixture may be 
determined. This ratio may be compared for each polypeptide which 
has been matched between mixtures to determine if its relative 
expression level has changed between the sample states being 
compared . 

Complex sample mixtures may be separated by using a variety 
of physical processes, such as for example, centrifugation, or 
through the use of one or more dimensions of chromatography such 
as, for example, size exclusion, anion exchange, cation exchange, 
gel electrophoresis, normal phase, reverse phase or combinations 
thereof. These separation steps may be done off-line or on-line 
with the mass spectrometric measurement process. In the 
investigation of biopolymers, as for example proteins, the 
separations may optionally be done on the intact proteins prior to 
enzymatic digestion as well as on the protein digestion products. 
The primary goal of the separation process is to produce fractions 
in a well defined and reproducible manner. In many cases these 
separation processes will produce sample fractions with definable 
physico-chemical properties. 

An embodiment includes the steps of measuring two or more 
physico-chemical properties of each chemical component in a mixture 
with one of these properties being its accurate mass as determined 
by mass spectrometry. The chemical components common to two 
different mixtures are allowed to be matched and compared 
quantitatively based on the distinguishing nature of this accurate 
mass and physico-chemical property information. These chemical 
components can also be qualitatively identified when their measured 
accurate mass and physico-chemical properties can be matched 
against the calculated accurate mass and physico-chemical 
properties of a constrained list of chemical species which are 
known to represent the chemical mixture being studied. 

There are a plurality of chemical species in many chemical 
mixtures of biological origin that have calculated molecular masses 
which are unique unto themselves within some mass tolerance. It is 
possible to assign a unique signature to a chemical component in a 
mixture based on accurate mass measurement alone if the inherent 
mass error of the mass spectrometric measurement process is 
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sufficient to distinguish it from other components in the mixture 
that are similar in mass. 

Additional physico-chemical properties which could provide 
unique signature information for a chemical component in a complex 
mixture of biological origin are, for example, solubility, 
hydrophobicity, hydrophilicity, net charge, pi, pKa, molecular 
volume, and antibody affinity. Some of these parameters can be 
related to a chemical component's measured elution order in a 
chromatographic separation. One such distinguishing physico- 
chemical property is elution order in a reverse phase 
chromatographic separation which is a measure of the hydrophobicity 
of a chemical component. Chromatographic retention time or 
relative retention time in combination with accurate mass is 
frequently sufficient to uniquely distinguish a chemical component 
in a complex metabolite mixture or a protein digest mixture thus 
allowing its relative abundance to be quantitatively compared to a 
like component in a second mixture. This concept can be extended 
to include the actual qualitative identification of polypeptides in 
a protein digest mixture if the composition of the unknown sample 
is known to be constrained to a particular list of proteins. In 
this case the elution order of an unknown polypeptide relative to 
known polypeptide standards is used to estimate its hydrophobicity. 
This measured value of hydrophobicity can then be compared to the 
theoretical hydrophobicity of all the polypeptides which could 
theoretically be contained in the mixture. This hydrophobicity 
constraint in combination with accurate mass may be used to 
uniquely identify the unknown polypeptide. 

Another example physico-chemical property which is of utility 
as a distinguishing chemical signature is isoelectric point (pi) . 
Intact proteins may be electrophoretically fractionated on the 
basis of (pi) . Small molecules and polypeptides may be 
fractionated under appropriate conditions by on exchange 
chromatography on the basis of pi. These measured values of pi for 
an unknown chemical species can be compared to calculated values of 
pi for chemical species which could theoretically be contained in 
the mixture of interest. 

Yet another example physico-chemical property which is of 
utility as a distinguishing chemical signature is charge state as 
ascertained in the mass spectrometric measurement process. This is 
of particular value as a distinguishing signature for polypeptides. 
The present inventors have empirically determined that a 
polypeptide ion's charge-state (2\ 3\ 4 + , etc.) can be estimated 
from the length of its sequence and the number of basic amino acids 
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contained in its sequence. For example, such information allows 
the correct polypeptide to be identified when more than one 
polypeptide that could be theoretically contained in the mixture of 
interest is consistent with the measured accurate mass of the 
unknown peptide. 

The meaning of a number of terms used throughout the present 
application will now be given. "AEX n stands for Anion Exchange High 
Performance Liquid Chromatography. "Area" is the mass spectral 
signal integrated over time for a measured polypeptide fragment. 
"Area Ratio" is the division of the area from a peptide in a given 
sample (such as Experimental) by the area from a peptide in another 
sample (such as Control) . "B&B" is the Bull and Breese value, a 
measure of hydrophobicity . See H.B . Bull, K. Breese, 
Hydrophobicity estimates for proteins and peptides, Arch. Blochem. 
Biophys. 161:665-670 (1974). "Calibration Lock Mass" is where an 
analyte is used to correct for fluctuations in mass measurements 
during data acquisition, in order to improve mass accuracy. "CAM" 
stands for Carboxamidomethyl group, a chemical moiety usually 
attached to sulfhydryl groups by treatment of a protein or peptide 
with a reducing agent such a mercaptoethanol or dithiothreitol, 
followed by the alkylating agent 2-iodoacetamide. "Candidate 
Protein" is a protein to which a statistically significant number 
of peptides can be assigned by mass alone. "CEX" stands for 
Cation Exchange High Performance Liquid Chromatography. "Charge- 
State" is the number of protons attached to a peptide molecule 
during the ionization (ion formation) process in the ion source of 
a mass spectrometer. "Composite Ion Map" is a list of all measured 
physiochemical properties and areas of all peptides and all 
proteins identified and qualified in an Ion-Mapping experiment. 
"Composite UML" is a non-redundant list generated by comparing two 
of any types of Unique Mass Lists (UMLs) . Included in the 
Composite UML is the status of each peptide as a function of their 
UMLs. This process is repeatable to generate further Composite 
UMLs. "Compressed UML" is the intersected portion of a Composite 
UML, where the area(s) are the median values. "Database" is a 
collection of sequences of proteins and/or peptides hypothesized to 
be present in the proteome under study, including all their 
respective physiochemical properties. "Endogenous Reference 
Protein (ERP) n is an endogenous protein hypothesized to be present 
in all the samples and used for normalization of experimental 
parameters. "HPLC Index" is a measure of hydrophobicity. See 
Biochemistry, 25:5425 (1986) . "Intensity Value" is the sum of all 
centroided mass spectral signals for all isotopes of all charge- 
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states of any ion exceeding the minimum threshold for ion 
detection. "Internal Reference Protein (IBP)" is an exogenous 
protein introduced into a sample under study and used for 
normalization of experimental parameters. "Internal Standard (IS) 
is an exogenous peptide, of known molecular weight and 
concentration, added to the peptide fractions immediately prior to 
the final separation. "Ion Map" is a list of all measured 
physiochemical properties and areas of all peptides from a single 
protein identified and qualified in an Ion-Mapping experiment 
"Physico-chemical Property" is any measurable characteristic of a 
protein, peptide or other biological molecule which may serve as a 
basis for its separation or description. "Post-Translational 
Modification (s) (PTM) " are all changes to a protein following- its 
assembly from individual amino acids. "Post-Translational 
Modification (PTM) Candidate" is a peptide whose changes m 
physico-chemical properties support the hypothesis of post- 
radiational modification. "Proteome" is the proteins present m 
a living cell at any given point in time. "Qualification 
Algorithm" is a computational tool which uses experimental values 
contained in any UML, Composite DML, Ion Map, and/or Composite Ion 
Map and compares it with calculated values from database (s) in 
order to identify peptides, and thereby proteins, in the 
mixture (s) . "Qualified Protein" is a protein to which a 
statistically significant number of peptides can be further 
assigned by physico-chemical properties other than mass. 
"Signature peptide" is. a peptide that can be assigned to a protein 
based on mass alone. "Unique Mass List (UML) " is a non-redundant 
list of values such as mass, area, retention time, charge-state 
etc obtained from an Ion-Mapping experiment. "Unique Mass List 
Browser (UMLB) " is a software tool designed to compare and 
normalize any two UMLs, Composite UMLs or Composite Ion Maps in 
order to determine their comparative status. "Unique Mass List 
Generator (UMLG) " is a user-definable software tool that 
interrogates and reduces raw data generated from an Ion Mapping 
experiment to extract a non redundant list of data points. "Up 
Regulation, Down Regulation" is the change in the abundance of a 
peptide or protein between two physiological conditions. "Validated 
protein" is a qualified protein whose peptides all track 
Quantitatively between two experiments. 

Various embodiments of the present invention will now be 
described, by way of example only, and with reference to the 
accompanying drawings in which: 
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Figs, 1A-1F show a flow chart depicting a method for analyzing 
differential protein expression by ion mapping; 

Fig. 2 shows hydrophobicity versus retention time on a 
reverse-phase HPLC column for a collection of tryptic fragments of 
bovine serum albumin (BSA) which may be used as an internal 
standard; 

Fig. 3 shows plots of ion intensity versus amount of BSA 
introduced to the spectrometer for three fragment peptide ions; 

Fig. 4 details the composition of two mixtures; 

Fig. 5 shows a histogram of observed versus theoretical 
abundance for a mixture B/mixture A; 

Fig. 6 shows a BSA unique mass list; 

Fig. 7A shows an indexed peptide database for Bovine Serum 
Albumin which is continued on Fig. 7B; 

Fig. 8 shows measured and calculated match results for a BSA 
protein digest; 

Figs. 9A-9F detail a protein qualitative match; and 

Fig. 10 shows a rat urine metabolism comparative study. 

E. COLI 

There are a substantial number of peptides whose calculated 
molecular masses are unique unto themselves within some mass 
tolerance. Clearly the more accurate the measuring device, the 
better the chances are of identifying a large number of these types 
of peptides. Peptides that have no neighbors within the inherent 
mass error of the measuring device are referred to as Accurate Mass 
Signature Ions for their respective parent protein. To illustrate 
this point, a non-redundant protein database of the proteome of E. 
coll was indexed using the Indexing Algorithm described below. 
When the entire E. coll proteome was analyzed, in silico, for the 
expected products of digestion with trypsin, 191,777 theoretical 
peptides were generated. The Indexer was set to report only those 
peptides between molecular mass 500 and 5000 with up to one missed 
cleavage. Calculated theoretical physico-chemical properties 
include but were not limited to the predicted retention time and 
the predicted charge state. The indexed database was queried for 
those peptides that were unique to within 5 ppm of their 
corresponding accurate mass (i.e. for which no other peptide in the 
database had a mass within 5 ppm) . The query resulted in a list of 
20,455 peptides identifying 4023 (95%) of the 4234 annotated 
proteins in the non-redundant E. coll database. 

The in-silico analysis illustrates the ability to 
qualitatively identify 95% of the proteins in the E. coli proteome 
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by generating an accurate mass measurement of the signature ions 
from each respective protein. However, this does not mean that an 
experimental enzymatic digestion of a whole-cell lysate will 
produce all theoretical signature peptides from all the proteins in 
the proteome. Typically any type of mass spectrometry analysis of 
an enzymatically or chemically fragmented protein results m a 
sequence coverage of between 20 and 60%, therefore increasing the 
number of signature ions per protein becomes important if the goal 
is to qualitatively identify as many proteins as possible in a 
proteome. In the case of the trypsin-treated E. coli proteome 
(with up to one missed cleavage) only 10.6 % of the peptides are 
signature ions. So the question becomes, how can one increase the 
number of signature ions per protein as the sample becomes more 
complex. 

To increase the number of signature ions per protein the 
method of the preferred embodiment employs a second fractionation 
method utilizing an additional physico-chemical property, 
preferably hydrophobic! ty. Just as each amino acid has a defined 
molecular mass, each also has a defined hydrophobicity and can be 
separated according to this property using the appropriate 
chromatographic column and solvent system, typically reverse-phase 
liquid chromatography. The hydrophobicity of a peptide may be 
calculated by summing the hydrophobicity value for each amino acid 
in a peptide sequence. In some instances the value is corrected by 
multiplying the sum by a correction coefficient, which directly 
relates to the peptide length. Thus a peptide's hydrophobicity can 
be considered to be a second physical constant, i.e. a second 
physico-chemical property. By using a hydrophobicity curve 
generated by accurate mass analysis of an Intact Reference Protein, 
each of the theoretical peptides in the indexed non-redundant E. 
coli database may be assigned a calculated hydrophobicity and a 
theoretical retention time. One can then query the database for 
ions that are unique (hydrophobicity signature ions) within some 
retention time window. For example, setting the retention time 
window to +/- 2.5 minutes and removing all accurate mass signature 
ions from the database, and then querying the indexed non-redundant 
E coli database, resulted in 74,239 hydrophobicity signature ions 
(38 7%) . Combining the two physico-chemical properties of mass and 
hydrophobicity identifies 94,671 peptides which are unique to the 
protein they are derived from. Querying these 94,671 ions against 
the indexed non-redundant E. coli database resulted in the 
identification of 100% of the 4234 proteins. Depending on the 
complexity of the proteome under investigation (E. coli 4,234, 
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Yeast 6,173, Human 35,000 plus) it may be necessary to further 
increase the number of signature ions per protein to raise the 
minimum sequence coverage to some acceptable user-defined level. 

When this is necessary, the preferred embodiment employs a 
third physico-chemical property, such as for example the 
isoelectric point (pi). Just as each amino acid has a defined 
molecular mass and hydrophobicity, it also has a defined pi and can 
be separated by ion exchange chromatography in conjunction with an 
appropriate elution gradient and buffer composition. In instances 
where peptide pi is employed as a physico-chemical property, the 
enzymatically-derived peptide pool is first separated by ion 
exchange chromatography. Accurate mass physico-chemical property 
analysis identifies the peptide ions from the intact reference 
protein (s) present in each salt fraction thereby providing a pi 
range for each. A pi tolerance window can then be assigned for 
each fraction. One can then query the indexed non-redundant E. 
coll protein database for ions that are unique unto themselves (pi 
signature ions) within some pi tolerance window. For example, 
setting the pi tolerance window to +/- 2 pi units, removing all 
accurate mass and hydrophobicity signature ions, and then querying 
the indexed non-redundant E. coli database resulted in 16,470 pi 
signature ions (8.6%). Combining the three physico-chemical 
properties results in 111,141 peptides which are unique to the 
protein they are derived from. Querying these 111,141 ions against 
the indexed non-redundant E. coll database resulted in all 4234 
proteins (100%) being identified. 

If the desired level of sequence coverage has not been reached 
by employing three physico-chemical properties, a fourth physico- 
chemical property, such as for example the charge state of the 
peptide, can be used. Given a specific buffer system (typically pH 
< 2) for an accurate mass LCMS analysis, a peptide ion's charge- 
state (s) will be determined by the peptide length, composition, and 
sequence. Through mass spectrometric and physico-chemical property 
analysis of many peptides from many different reference proteins, 
the present inventors have empirically determined that a peptide 
ion's charge-state (2 + , 3 + , 4 + , etc.) can be predicted from its 
sequence and length. As an example , if the sequence is > 18 amino 
acids long and contains an internal basic residue at position 9 the 
combined weighted charge-state for that peptide ion will be 2.5 +/- 
0.2. Using these empirically-derived charge-state rules, the 
method of the preferred embodiment assigns a theoretical charge 
state to each of the 191,777 theoretical peptides in the indexed 
non-redundant E. coll protein database and generates a list of 
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charge-state signature ions. 

The preferred embodiment optionally employs additional 
separation methodologies for further increasing the number of 
signature ions per protein. It will be apparent to those skilled 
in the art of protein and peptide fractionation that a variety of 
different chromatographic separation technologies may be employed 
to further fractionate complex samples. Such separation 
technologies include but are not limited to gel permeation (size 
exclusion) chromatography, anion and cation exchange 
chromatography, capillary electrophoresis, isoelectric focusing, 
and the many forms of affinity chromatography. The separation 
methods may be applied to both intact proteins and the peptide 
fragments derived therefrom. Preferably, each successive round of 
separation increases the number of signature ions unique to the 
protein they emanate from, until all proteins within the proteome 
under investigation have enough signature ions to achieve the 
desired level of peptide identification. 

It will be apparent that as the resolution of the mass 
spectrometer decreases, the number of physicochemical properties, 
and/or the level of resolution with which they are measured and 
calculated, must increase to maintain a given level of signature 
ions. For this reason, it is preferable that the mass spectrometer 
have the highest possible resolution, within the practical 
constraints of expense and throughput. 

The I on Mapping Process 

An example of the preferred ion mapping will now be described 

with reference to the "in silico" digestion of proteins. The ammo 
acid sequences of the proteins of interest that make up the mixture 
to be analyzed are examined by any of several known automated _ 
methods to identify cleavage sites where the enzyme to be used is 
likely to cleave them. Programs are available via the world wide 
web for the purpose of calculating masses of peptide fragments 
expected from digestion, for example MS-Digest, located at 
(http://) prospector.ucsf.edu/ucsfhtml3. 4/msdigest .htm. The 
proteins of interest may be the entire genome of an organism, and 
the sequences may be derived from readily available genomic and 
proteomic databases . The peptide fragments expected to be 
generated by the enzyme or enzymes to be used may be calculated on 
the fly" and compared to stored results of an Ion Mapping 
experiment and/or the data on the expected fragments may be pre- 
calculated and stored, and the results from an Ion Mapping 
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experiment compared against the stored data approximately as fast 
as it is generated. 

In one embodiment of the invention, the method of creating a 
theoretical ion map of at least one polypeptide comprises one or 
more of the following steps: 

optionally translating sequences in database (e.g. take a DNA 
database and translate it into a protein or EST database); 

calculate predicted molecular weight and pi for native 
proteins from which peptides derived; 

associate each peptide to the MW and pi of the native parent 
protein; 

perform in silico trypsin digest using known trypsin substrate 
patterns (provide reference for predicted trypsin patterns) ; 

optionally calculate theoretical accurate mass and/or mass to 
charge ratio (s) of each of the resulting fragments; 

optionally set a threshold "Mass Scrutable" Masses (e.g., 
>8,000 daltons and <500 daltons - masses much above about 8,000 
daltons are difficult to weigh with the resolution necessary to 
identify amino acid composition; peptides shorter than about 5 
amino acids are too common to be of much diagnostic use) ; 

optionally set a threshold for calculated missed cleaves 
(provide reference for missed cleavages); 

optionally calculate hydrophobicity indices for all or some 
peptides (e.g. by the Bull and Breese method); 

optionally calculate the pi for all or some peptides ; 

optionally calculate the theoretical charge for all or some 
peptides; 

optionally maintain the annotations of each native parent 
protein in the database (e.g. a protein database may incorporate 
knowledge of post-translational modifications, splice variants, 
etc.); 

optionally calculate all of the phosphorylation sites of 
native peptide (this may be done via the world wide web, for 
example by using the prosite resource at www.expasy.org/prosite/ 
(using the http:// protocol) or similar programs running on a local 
computer) ; 

optionally calculate all of the glycosylation sites of native 
peptide (this may be done via the world wide web, for example by 
using the netOglyc resource at www.cbs.dtu.dk/services/NetOGlyc/ 
(using the http:// protocol)). 

Fig. 1 shows a flow diagram of the steps undertaken in the ion 
mapping process. The process as presented in Fig. 1 includes the 
assessment of a control sample and experimental sample along with 
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an intact reference protein sample(s) . Each aspect of the process 
is described in more detail below. 

Control Sample /Experimental Sample _ 

* p • r may be US ed to identify protein, m complex 

fixtures and/or to compare quantitatively the relative expression 
T^of proteins taken from one or more control and experimental 
sample sources- 

Isolation and Pre-frarH nation of Intact Protein Mixture 

If a goal of the Ion Mapping study is to quantitatively 
compare the relative expression level of proteins in two different 
sZ"s, then similar amounts of complex protein mixture would be 
i'lated from one or more control and experimental sample sources . 
These intact protein mixtures may be derived from any number of 
source including whole cell lys.tes. partially fractionated 
protein complexes, and sub-cellular organelles to name a few. 
intact orotein mixtures taken from one or more control and 
experimental so ux=e, may be fractionated by any number of a number 
17 Afferent methodologies known in the art including but not 
limited to one-dimensional gel electrophoresis "P^-y 
electrophoresis, liquid phase iso-electric point focusing affinity 
chromatography, single or multi-dimensional anion or cation 
exchange chromatography, reverse phase chromatography and 
partitioning centrifugation. Fractionation of ^"^f 
protein mixtures is on. way to increase the dynamic range of 
proteins that can be identified and/or quantitatively compared 
using the method (s) of the preferred embodiment. 

s^me Known jaount of Intact Protein Mixture 

Similar amounts of intact complex protein mixture should be 
isolated from the raw and/or fractionated control and experimental 
sample sources to simplify subsequent quantitative comparisons. 

intact jjaaa enou. - Protein Internal Standard^) . 
The same amount of one or more intact proteins too™ not to be 
native to the complex protein mixtures being studied may b. » added 
to the control and experimental samples as an internal standardls. 
These intact protein internal standards provide several valuable 
Z "y oontrol checks in the ion mapping study. The relative 
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level of peptides produced from the digestion of internal standard 
proteins and native proteins provides a measure that the control 
and experimental complex protein mixtures have been digested, 
reduced, and derivatized with similar efficiency. The peptides 
produced from the digestion of the internal standard protein (s) 
also serve as markers to monitor chromatographic retention time 
reproducibility in subsequent peptide separation procedures and to 
monitor mass measurement accuracy. 

Create Intact Protein Internal Standard (s) Blank Sample 

An independent sample of the intact protein (s) used as 
internal standard (s) in the control and experimental samples will 
be subjected to the same digestion, reduction, and derivatization 
procedures as well as the same , chromatographic and ionization 
conditions incorporated in the Ion Mapping analysis of the control 
and experimental samples. This will allow the identification of 
the peptides associated with the internal standards. It will also 
allow the identification of background ions which should be 
excluded from subsequent qualitative identification and/or 
quantitative comparison procedures. 



Chemical/Enzymatic Digestion of Protein Mixture 

Any number of previously described methodologies can be used 
to generate peptide fragments from the control and experimental 
complex intact protein mixtures and from the internal standard 
intact protein mixture. Such methodologies for protein 
fragmentation may include but are not limited to enzymatic or 
chemical digestion. 



Optional Single or Multi-Dimensional Chromatographic Separation 

i Single or multi-dimensional liquid phase chromatographic 

separation methodologies may be applied to reduce the complexity of 
the peptide mixtures produced in the digestion of the control, 
experimental and internal standard/background protein mixtures 
prior to mass spectrometric analysis. These liquid phase 

> chromatographic separation methodologies could include anion or 
cation exchange chromatography, reverse phase chromatography, 
Capillary Electrophoresis Chromatography ("CEC"), or any 
combination of these or other previously described prior art 
relating to the chromatographic separation of peptides contained in 
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non-equimolar, heterogeneous complex mixtures . These liquid 
chromatographic separation methodologies may be directly coupled or 
used. independently to produce sub-fractions of the peptide pool. 
Typically, the final liquid chromatographic separation will be 
directly interfaced to the ion source of a mass spectrometer 
capable of accurate mass measurement. 

Optionally Add Internal Standard B for Injection Volume Correction 

The same amount of one or more internal standard compounds may 
be added to each sample mixture prior to liquid chromatography-mass 
spectrometry (LC-MS) analysis. The primary purpose of this 
optional internal standard (s) is to correct for chromatographic 
injection volume variations, but it can also serve as a 
chromatographic retention time standard and mass accuracy check 
standard as well. 



Liquid Chromatography Accurate Mass Analysis 

The final stage of liquid chromatographic separation of the 
peptide pools produced from the digestion of the control, 
experimental, and internal standard blank protein samples is 
directly coupled to a mass spectrometer capable of accurate mass 
measurement. A mass spectrometer capable of routinely providing 
mass measurement accuracy to within 10 parts per million (ppm) of 
the theoretically calculated mass is acceptable. However, routine 
mass measurement accuracy equal to or' less than 5 ppm of the 
theoretically calculated mass is desirable. The type of mass 
spectrometer capable of this accurate mass measurement process 
might include Time of Flight, Fourier transform ion cyclotron 
resonance, or magnetic sector to name a few. 



Process Results Using Unique Mas* List Generator 

The liquid chromatography accurate mass information is 
processed using a Unique Mass List Generator which uses threshold 
criteria based on mass accuracy, charge state, chromatographic peak 
intensity and area, and calculated hydrophobicity, among others, to 
generate a list of unique ions which can be compared to lists 
derived in a similar manner from other LC-MS analyses. 



Tdentify and Quantify Internal S tandard Components 
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Both the peptide digestion products from the optional intact 
protein internal standard (s) and the optional post-digestion "B" 
internal standard (s) that were added to the Control, Experimental 
and Internal Standard/Blank samples are identified in the unique 
mass list information sets generated for each of these samples and 
flagged for non-consideration as native peptide candidate ions. 

Internal Standard B Correction of Native Peptide Peak Areas 

The peak area of each component identified by the unique mass 
list generator is corrected for LC-MS injection volume deviations 
by ratioing against the peak area of the optional "B" internal 
standards . 

Compile List of Background Ions for Unique Mass List Blank 
Correction 

All non-internal standard ions identified in the Intact 
Protein Internal Standard (s) Blank Sample are designated as 
background ions and are compiled in an exclude list. 

Remove Background Ions from Unique Mass List 

Background ions identified in the Intact Protein Internal 
Standard (s) Blank Sample are removed from consideration as native 
peptide candidate ions in the Control and Experimental Sample 
Unique Mass Lists. 

Estimate Relative Digestion Efficiency from Protein Internal 
Standard ■ 

The peak areas of peptide ions associated' with the Intact 
Protein Internal Standard (s) which were added to the Control and 
Experimental Samples prior to digestion are compared to the peak 
areas of a number of native peptide ions in the Control and 
Experimental Samples to determine that both samples were digested 
with comparable efficiency. 

Compare Internal Standard Corrected Accurate Mass Chromatoqram Peak 
Areas for Polypeptides from Control Sample and Experimental Sample 

The internal standard corrected accurate mass peak areas for 
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unique mass list peptide ions remaining after background correction 
in the Control Sample are compared to similarly corrected accurate 
mass peak areas for unique mass list peptide ions in the 
Experimental Sample . Peptide ions to- be compared are matched 
according to user-defined accurate mass, and chromatographic 
retention time threshold criteria. If the ratio of peak area for 
an Experimental Sample peptide ion that is matched to a Control 
Sample peptide is above or below user-defined expression level 
threshold criteria or if an Experimental Sample peptide ion is not 
matched against a Control Sample peptide ion, then the Experimental 
Sample peptide ion is flagged for further effort to qualitatively 
identify the protein from which it derived. If the ratio of peak 
area for an Experimental Sample peptide ion that is matched to a 
Control Sample peptide ion is within user-defined expression level 
threshold criteria, then further effort to qualitatively identify 
the protein from which it is derived may or may not be pursued. 

Qualitative Identification Biological ly Important 

If the ratio of peak area for an Experimental Sample peptide 
ion that is matched to a Control Sample peptide ion is within user- 
defined expression level threshold criteria, then further effort to 
qualitatively identify the protein from which it is derived may be 
pursued if this information is considered to be biologically 
important or otherwise relevant to the goals of the study. 
Otherwise, the analytical information that was determined for the 
Experimental Sample peptide ion is recorded in a database and no 
further efforts to qualitatively identify the protein from which it 
is derived are pursued. 



Perform High Mass Accuracy Peptid e Mass Fingerprint (PMF) Data Base 
Search on Unique Mass List Ions 

Experimental Sample peptide ions submitted for qualitative 
identification are searched against a non-redundant protein 
database. Database searches are restricted by the mass measurement 
accuracy of the Experimental Sample peptide ion as well as by one 
or more physical-chemical properties that may be known about the 
source of the proteins included in the experimental sample. 
Relevant physical -chemical properties may include sample source 
organism, sub-cellular sample fraction, protein molecular weight 
range, and protein pi to name a few. 
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Tabulate or form a redundancy List of all Unique Mass List Peptides 
Consistent with Each Tentative PMF Protein Identification 

Experimental Sample Unique Mass List peptides which are 
tentatively identified via the PMF database search to be associated 
with the same protein are grouped together to form a redundancy 
list for each tentatively identified protein. 

Determine if every Peptide consistent with each Tentative Peptide 
Mass Fingerprint Protein Identification has same expression level 
shift 

The expression level shift of each Experimental Sample peptide 
that has been identified to be consistent with the same protein 
identification is compared. If the expression level shifts for all 
the peptides are consistent, then additional qualitative 
identification checks may be performed e.g. double check retention 
time. If the expression level shifts are not consistent , then 
either all of the peptides or at least the peptide (s) which are 
not consistent in expression level shift may be flagged for LC- 
MS/MS analysis. 

Generate Bull & Breeze Calibration Curves 

An optional test for confirming a tentative PMF identification 
is based on whether the measured Bull & Breeze 

hydrophobicity/hydrophilicity for each Experimental Sample peptide 
is consistent with the theoretical Bull & Breeze 

hydrophobicity/hydrophilicity that the peptide should have if the 
PMF identification is correct. To this end, the theoretical Bull 
and Breeze index of known internal standard peptides are plotted 
against LC-MS retention time to produce a calibration curve from 
which the measured Bull & Breeze index of each Experimental Sample 
peptide can be determined. 

Test Tentative Peptide Mass Fingerprint Identification via 
Application of Qualifying Algorithm 

A variety of information has been accumulated that can be used 
to further validate the PMF identification results. Information 
such as sample source organism, sub-cellular sample fraction, 
protein molecular weight range, and protein pi, among others, may 
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have been used in entirety or in part to restrict the PMF database 
search. Additional physico-chemical property information may be 
tested through the use of a qualifying algorithm to further 
validate each tentative PMF identification. For example, the 
algorithm might be used to score the consistency of measured versus 
theoretical Bull S Breeze index for each unique mass list peptide, 
it might be used to score the consistency of measured versus 
theoretical pi of each unique mass list peptide, it might be used 
to score the consistency of missed cleavage and peptide charge 
state information, it might be used to score the consistency of 
histidine containing peptides and charge state information, it 
might be used to score the consistency of cysteine containing 
peptides and the measured presence of associated peptides which 
contain modified cysteine amino acids, and/or it might be used to 
score the consistency of methionine containing peptides and the 
measured presence of associated peptides which contain oxidized 
methionine containing peptides. 



Remove Tentatively Identified Masses from Unique Mass List and 
Create Tentatively Identified Protein List 

At this point in the data reduction process, all background 
and optional internal standard related ions have been removed from 
the Experimental Sample Unique Mass List. Depending on the goals 
of the study, the Experimental Sample Unique Mass List may have 
been further restricted to include only those ions which have an 
apparent expression level difference relative to the Control Sample 
Unique Mass List ions that is above or below User-defined 
threshold criteria. In either case, the remaining Experimental 
Sample Unique Mass List ions are subdivided into those which do 
satisfy the qualifying algorithm criteria and those which do not 
satisfy the qualifying algorithm criteria. Ions which do satisfy 
the qualifying algorithm criteria are moved to a Tentatively 
Identified Protein List. These ions would generally not be 
furthered qualified by LC-MS/MS analysis. 



Create Orphan Mass List from Unidentified Masses in Unique Mass 
List 

Experimental Sample Unique Mass List ions which do not satisfy 
the qualifying algorithm criteria are moved to an Orphan Mass 
List. 
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Search Orphan Mass List for Post Translationally Modified (PTM) 
Variants of Tentatively Identified Proteins 

Orphan Mass List ions are resubmitted to a PMF search 
specifically to evaluate whether they can be accounted for as post 
translationally modified variants of the tentatively identified 
proteins . 

Transfer Qualified PTM Hits from Orphan Mass List to Tentatively 
Identified Protein List 

Orphan Mass List ions which satisfy Tentatively Identified 
Protein PTM variant criteria are validated using the qualifying 
algorithm and are transferred from the Orphan Mass List to the 
Tentatively Identified Protein List. 

Place remaining Orphan Masses on Include List for LC-MS/MS Analysis 

Orphan Mass List ions which do not satisfy Tentatively 
Identified Protein PTM variant criteria or subsequent qualifying 
criteria are flagged for LC-MS/MS Analysis - 

LOMS/MS Analysis of unidentified Orphan Masses and Tentative 
Protein ID Peptide Masses Requiring further Verification 

Unidentified Orphan Masses and any other Peptide Masses which 
are flagged for further verification may then be analyzed by LC- 
MS/MS - 

Protein Sequence Database Search or EST Database Search or de novo 
Sequence LC-MS/MS Results 

The LC-MS/MS analytical results are processed with software 
tools that take advantage of the peptide sequence information 
produced in the MS/MS analysis process. Software tools include 
Protein Sequence database searching, Expressed Sequence Tag (EST) 
database searching, and de novo sequencing algorithms to name a 
few. 

Update Tentative Protein ID List with LC-MS/MS Analysis Results 

Proteins tentatively identified from the LC-MS/MS analysis are 
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added to the Tentatively Identified Protein List. 

Generate Ion Maps and Archive Results for Tentatively identified 
Protein and Orphan Peptide Mass Lists 

All physico-chemical property data and quantitative expression 
level data for the tentatively identified proteins , their 
corresponding peptide fragments , and for the Orphan Peptide Mass 
List Ions are archived in a database and made available for display 
in a variety of Ion Map formats which illustrate the difference in 
protein content of the control and experimental samples studied. 

Qualification 

Before an experimentally derived unique mass can be qualified, 
the optional Internal Reference Protein (s) (IRP) is digested alone. 
Again the IRPs are run in triplicate with each resulting UML 
compared and compressed using specific user-defined parameters and 
thresholds. As an example for the E. coii data set described 
herein,, these parameters were set to +/- 5-ppm, 2 minutes, and +/- 
0.5 charge state. Since the same IRPs are used, all the time data 
compression provides for a number of different redundancy checks. 
First, how reproducible the digestion was; second, how reproducible 
the cysteine derivatization was; and third, how reproducible the 
ionization efficiency was. .All of these parameters can be 
qualified by comparing the compressed data for that set of IRP 
accurate mass LCMS analyses to those of others. 

The retention times of all unique masses matching IRP peptides 
by accurate mass and charge state may then plotted vs. each 
peptides theoretical hydrophobicity resulting in a linear equation 
relating retention time to hydrophobicity (see Fig. 2) . Having 
this equation allows an experimental hydrophobicity to be 
calculated for each experimentally derived unique mass's retention 
time in the Composite UML. Further, having already established the 
charge state rules allows a theoretical charge state for each 
peptide in the indexed non-redundant protein database to be 
calculated. Qualification may therefore involve ranking all 
experimentally derived physico-chemical properties to those 
theoretical physico-chemical properties of all peptides within an 
organism's Proteome. With respect to the K. coll dataset these 
physico-chemical properties may be accurate mass, hydrophobicity 
and charge state. Before the qualification algorithm is applied, 
the Composite UML is accurate mass searched against the indexed 
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non-redundant protein database. An accurate mass search can be 
considered to be a Peptide Mass Fingerprint. Here the user selects 
from and inputs a tolerance value for a list of different accurate 
mass search parameters. With respect to the E. coli dataset the 
accurate mass search parameters were set to: mass accuracy +/- 
lOppm, minimum number of peptides to match 3, and missed cleavages 
=0. Other parameters could include sequence coverage, intact 
protein molecular weight range, intact protein pi, peptide pi, 
peptide modifications i.e. phosphates, sugars, and non-specific 
cleavages to name only a few. Further the user could select 
different parameters for different iterations as illustrated in the 
sub tractive reiteration section. Here the Tentative Identification 
Algorithm applies the appropriate accurate mass search parameters 
for each iteration. 

Frequency Generator 

The Frequency Generator first annotates each Tentative 
Identification (TID) with the number of proteins hit under the 
user-defined tolerance ' windows . for each physico-chemical property 
selected in the analysis process. For the E. coli example these 
Frequency Values were (FreqaM, FreqHPLci, Freq cs ) - The experimentally 
derived calculated MH 4 " 1795.9523 @ RT 45.00 minutes with. a 
calculated experimental charge-state of 2.90 hit 7 different 
proteins within the accurate mass tolerance of 10 ppm. However, 
three Tolerance Windows were selected for Accurate Mass, 0-5 ppm, 
5-7.5 ppm and 7.5 to 10 ppm: 

Tolerance = 10 ppm 
Coefficients for AMwindows 
x = 5 7.5 to 10 ppm 

y = 2 . 5 5 to 7. 5 ppm 

z - 1 0 to 5 ppm 

As such the Freq^ was 5 for the 5 TIDs within the tolerance 
window 0-5 ppm, 6 for the tolerance window between 5-7.5 ppm and 7 
for the tolerance window between 7.5-10 ppm. To further separate 
the ranking, each tentative identification (TID) receives a 
weighing factor based on which tolerance window that TID fell in. 
In this example, there is not that much of a difference between 5 
hits and 7 seven hits however if a weighing factor is assigned to 
each tolerance window it is possible to further separate a high 1 
quality (<5 ppm) accurate mass TID from a lower quality (>7.5 ppm) 
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one. As such, each tolerance window is assigned a user-defined 
weighing factor AM Wei giited (x, Y, and z as shown above) . In this 
example, weighing factors of 1, 2.5 and 5 were assigned for 
tolerance windows 0-5 ppm, 5-7.5 ppm and 7.5-10 ppm respectively. 
Taking the product of FreqAM * AM wind0 w changes the score from 5,6,7 
to 5,15,35 clearly distancing a lower quality TID from a higher 
quality one. (It will become clear later why a lower score is 
better) . To further adjust the scoring another weighing factor 
TIDS W eightedAM may be included. This coefficient corrects the. score by 
dividing each individual TID's FreqAM by that of the Maximum . FreqAM- 
For the present example,, the calculated TIDS We i g htBdAM was 3.57 for 
those with Freq^' s of 5, 5.14 for that at 6 and 7 for the one with 
a FreqAM of 7. Since there is not that great a spread between how 
many proteins are tentatively identified at each tolerance window 
the coefficient TIDS We i ghte dAM does not impact the score as much as 
that of the Mfeiadow- Taking the product of FreqAM * AMmndow * 
TIDSweightedwt changes the score from 5,15,35 to 17.85, 77.1, 245. 
However, if there is only one TID, within tolerance window one, of 
any physico-chemical property selected for data reduction this 
coefficient clearly separates it from the rest of the pack. The • 
final user-defined weighing factor for a particular physico- 
chemical property is the Weight that that property has on the final 
score, i.e. 50% of the total score is based on accurate mass, 
therefore the AM We ight 5=5 1/5: 

Coefficients for frequency weighting 
a = 6 Weight_AM 
b = 2 Weight_HPLC 
c = 2 Weight_CS 

.' As such the AM value in the final Weighted Rank' equation: • 

1/(AM+HPLC+CS) = (Alighted* AMFreq * TIDSweighted * AMffindow) • 

The 1 same logic follows for all selected physico-chemical 
properties that were used for data reduction resulting in a final . 
Weighted Rank of 0.1795 for two of the seven TIDs with the next 
closest scoring being 0.156. It should be noted that the two TIDs 
scoring 0.1795 are from the same peptide, derived from two' isoforms 
of the same protein. To validate this Accurate Mass Physico- 
chemical Properties TID, the accurate mass and retention time were 
placed in an include list and MS /MS was performed. The MS /MS 
search results clearly and unambiguously assigned that unique mass 
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to tufA and B. 

There is an additional weighing factor, the "Probability 
Weighing Factor, " a coefficient that is ordinarily set by default 
to one. When all TIDs matched only within the lowest Physico- 
chemical Tolerance Window, the following weighing factors are 
employed, indicating that there is a high probability that all TIDs 
are false positives: 

AM = 0.2 
HPLCi =0.5 
CS = 0.33 

. In a reiterative searching system these may be unique masses 
that contain missed cleavages, point mutations, modifications etc. 
When this condition is met the probability value is multiplied by 
the user-defined coefficient. 

It will be clear to one skilled in the art that other physico- 
chemical properties could be ranked as well. Such other physico- 
chemical properties could be Intact Protein Mw and pi, Peptide pi, 
and exact mass differences as they relate to peptide modifications,.- 
to name only a. few. 

As previously stated the Frequency Generator is simply a 
Ranking Algorithm resulting in each TID being assigned a Weighted 
Rank. The weighted rank can be extrapolated into a probability 
score, essentially assigning a probability to a certain accurate 
mass with a certain charge state eluting at a certain retention 
time to the best likely candidate peptide sequence in the rion- 
redundant protein database. To further validate a. TID the user 
preferably runs a Qualification Algorithm. 

Qualification Algorithm . 

The Qualification Algorithm allows the user to set' certain 
parameters for comparing and qualifying frequency annotated TIDs 
from any two-sample sets typically a Control and an Experiment. To 
activate the Algorithm the user first sets up the parameters for 
matching. In the tufA example from E. coli the qualification 
parameters were set to only those matching pairs with a mass error 
less than 5 ppm, a retention time difference of less than 2 
minutes, an ABS Freq <=4 and a probability score >70%. First the 
Frequency annotated data is sorted by Protein, then by MH+, then by 
sample. Only those with matching pairs are passed. This is 
accomplished by further sorting by sequence, then by sample. 
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Calculations are then made on mass and retention time differences 
and normalized area ratios. Calculations are always based on 
dividing the Experimental results by that of the Control. 

Once this accomplished the software generates a ABS Freq for 
each matched pair. The ABS Freq is equal to the Min Value of 
Freq}*,, Freq HP Lci and Freq cs . All matched pairs passing the user- 
defined qualification parameters are transferred to the IonMap 
Summary Report. 

Targeted tandem mass spectrometry for Orphan Pe ptide Ions from the 
Ion Mapping Experiment 

After generating ion maps as detailed in the preferred 
embodiment, there are typically several ions that exhibit good mass 
accuracy but fail to correlate with known proteins from a variety 
of protein and nucleotide databases. A list is generated for these 
"orphan" peptide ions . The list may then be submitted as ah 
include list for performing a set of LC-MS/MS experiments. These 
experiments will provide orphan peptide ion fragmentation data, 
which can then be examined using de novo methods and/or database 
searching software to ascertain the identity of these peptides. 
The orphan peptides may then be. correlated, with or without post- 
radiational modifications, to their respective parent proteins. 

Global Analysis 

A global analysis attempts to identify every protein in a 
proteome or proteome subset. Further it provides a means of 
measuring the relative levels of these proteins in two or more 
proteome or proteome subsets. In its most simple form, two or more 
protein mixtures are chemically or enzymatically fragmented in a 
reproducible manner to form respective mixtures of peptides. These 
peptides are then separated and accurately mass measured in a LC-MS 
analysis procedure. The unique mass list generator algorithm 
extracts a comprehensive list of accurate masses associated with 
the peptides in these mixtures and measures the relative intensity 
of these peptides. A qualifying algorithm uses accurate mass 
information in combination with physico-chemical property 
information to identify the proteins in the original mixtures and 
to assign each unique mass list peptide to the protein from which 
it is derived. Furthermore, this process measures the relative 
level of each peptides present, which is proportional to the 
relative level of the protein from which the peptide is derived. 

Those ions which do not satisfy user-specified redundancy and 
threshold criteria may be analyzed by LC-MS/MS to derive sequence 
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information, which may be searched against protein or DNA data 
bases or analyzed using de novo sequencing methods to provide 
additional protein identification information. The global analysis 
process provides a comprehensive and reproducible description of 
the identified and unidentified proteins in two or more proteome or 
proteome subset samples, which may be used to illustrate the 
qualitative and quantitative differences in the protein composition 
of the samples. 

Up/Down Regulation 

This type of analysis allows the user to set a threshold value 
on protein or peptide expression level difference between two 
samples and only identify and qualify those peptide ions outside 
the user-defined pre-set threshold. This type of analysis is a 
subset of a global analysis. 

Differential Analysis 

This type of analysis allows the user to identify and qualify 
only those peptide ions that are unique to one of the two 
conditions (Control and Experiment) . This type of analysis is a 
subset of a global analysis. 

Post Translational Modifications 

This type of analysis will only identify and report relative 
expression levels for post-translationally modified peptide ions. 
This type of analysis is a subset of a global analysis. 

Protein Family 

This type of analysis will only identify and report relative 
expression levels for protein(s) indicated by the user which serves 
to create an indexed subset database. This type of ' analysis is a 
subset of a- Global Analysis. 

Relative Stoichiometry 

Since the global analysis process determines' the relative ' 
levels' of the proteins that have been identified and .qualified, one 
can choose to compare the measured levels of these proteins against 
any user-defined protein that has also been identified and 
qualified. Furthermore, if quantitative stoichiometry is required, 
signature peptides for each protein can be synthesized and analyzed 
to develop MS ionization response factors that can be used, to 
correct the relative area ratio measurements for response factor 
differences . 
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It will be apparent to one skilled in the art that if one can 
do a global analysis, one can perform any type of subset analysis. 

The Identification and Quantitation Algorithm Setup 

The identification and quantitation algorithm can be set up by 
the user to be a single or reiterative process. Through a user 
interface the user may select the number of Stringency Searches 
(iterations) and the number of PASSES, (cycles of reiterative 
analysis) for MS (and MS/MS, if any) interrogations. 

The user inputs how many PASSES are desired, and how many 
iterations of the identification and quantification algorithm to 
use for each PASS. Listed below are examples of some 
physicochemical properties for each iteration of each PASS. The 
interface preferably allows the user to control the searching 
algorithm by setting the stringency parameters for each iteration 
of each PASS. 



Parameter 



Source 



Example (s) 

All taxonomies, Yeast, Human, E. 
coll, etc. 



Proteolytic Enzyme 

.Non Redundant database 

Sub-Cellular Location 

Protein Molecular 
Weight Range* 

Protein Isoelectric 
Point Range* 

Peptide Molecular 
Range 

Peptide Isoelectric 
Point Range* 



(User-defined) 



Protein, Translated Genomic DNA 

ER, Golgi, Cytoplasm, etc. 

Complete, 0-50, 50-100, >100, and 
Threshold 



Complete, 0-4, 4-8, 8-12 
and Threshold 

Complete, Start and Stop Weight 
(kDa) and Threshold 

Complete, 0-4, 4-8, 8-12 
and Threshold 



Number of Peptides 
Required for Match 



User-defined 
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Mass Accuracy 
Number of Missed Cleavages 
Modifications 
.Non-Specific Cleavages ■ 



Point Mutations 



- 61 - 
User-defined 

User-defined 

CAM, Phosphorylation, etc. 
yes / no 

(if yes, choose: subtlisin, 
chymotrypsin etc.) 

yes /no 

(User-defined : substitution, 
deletion, etc.) 



Any or all additional Physico-chemical Properties not listed. • 
*User-def ined values . The values illustrated are only examples . 

Rules for Number of Missed, Cleavages 

Rules may be defined for missed cleavages based on the fact . . 
that any peptide that has a missed cleavage will have an extra 
basic residue between the N- and C- terminus, since trypsin 
preferentially cleaves peptide bonds after R and K. Accordingly: 
.1. If there is a 2+ peptide ion with no 3+ companion ion, there 

is likely to be no missed cleavage;' 

2 . If there is a 2+ peptide ion with no 3+ companion ion f there 
may be. one missed cleavage; 

3. If there, is a 2+ peptide ion with no 3+ companion ion, there 
is unlikely to be two missed cleavages; 

4. If there is a 2+ peptide io.n and a 3+ companion ion, there is 
likely to ,be no missed cleavage; 

5. If there is a 2+ peptide ion and the identified sequence has 
• KP or RP then the 2+ peptide ion is likely to have a 3+ 

companion; 

6. If there is a 3+ peptide ion with no 2+ companion it. is likely 
to have one missed cleavage; 

7. If there is a 3+ peptide ion with a 2+ companion ion' then it 
is very likely to have one or two missed cleavages; 

8. If there is a 3+ peptide ion with a 2+ companion ion then it 
is likely to have no missed cleavage. 



Rules for Phosphorylation 



WO 03/054549 PCT/GB02/05571 

- 62 - 

Rules may be formulated to define some of the parameters one 
would need to include in order to qualify a peptide as being 
phosphorylated : 

1. The peptide must have an amino acid that is susceptible to 

. phosphorylation (serine, serine, tyrosine, histidine, aspartic 
acid) ; 

2. The peptide ion should have a phosphorylated companion ion 
that is 79.9994 atomic mass units greater; 

3. The peptide should have a phosphorylation motif (for example, 

...GXDP.--); 

4. The phosphorylated companion ion should elute earlier from the 
reverse phase Ci B -column; and 

5. The more hydrophobic the nonphosphorylated peptide ion, the . 
greater the retention time difference compared to the 
phosphorylated companion. 

Scoring Algorithm Alternative 

A further algorithmic approach is illustrated below, by which 
values are assigned to each matched/correlated characteristic to 
derive- a match score for proteins /peptides from a . 
theoretical/calculated database of known peptides /proteins versus 
the experimental protein/peptide. 

Algorithm 

Part 1 - Data Set Generation: 

* Smooth, Center, and Lock Mass Correct 

* Determine Charge State • 

* Calculate Molecular Mass 

Search Database to generate initial hit list of candidate, 
protein/peptide matches 

Part 2 - Scoring: 

* Sort Hit List by Protein Mw 

increase score if protein Mw is within SEC tolerance- by 2x 
decrease score if protein Mw is outside SEC tolerance by 0.5x 

* Sort Hit List by Protein pi 

increase score if protein pi is within CEX/AEX tolerance by 2> 
decrease score if protein pi is outside CEX/AEX tolerance by 
0.5x 

* Sort Peptide Hits by ppm mass difference 
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if ppm mass difference is within mass difference of lock mass 

corrected nearest internal standard increase score by 4x 

if ppm mass accuracy is within 5 ppm increase score by 3x 

if ppm mass accuracy is within 7.5 ppm increase score by 1.5x 

if ppm mass accuracy is within 10 ppm leave score as is 

if ppm mass accuracy is outside lOppm then decrease score by 

0.5x 

Sort Peptide Hits by Bull & Breese Values 

if B&B is within ±1000 of internal standard increase score by 
3x 

if B&B is within ±2000 of internal standard increase score by 
2x 

if B&B is within ±3000 of internal standard, leave as is 

if B&B is outside ±3000 of internal standard decrease score by 

0.5x 

Compare Peptide pi against internal standard 
increase score if pi is within user-defined tolerance of 
internal standard with respect to CEX/AEX separation by 2x 
decrease score if pi is outside user-defined tolerance of 
internal standard with respect to CEX/AEX separation by 0.5x 
Sort Peptide hits by missed cleavages 

if 2+ with no multiply charged companion ion(s) and 0 missed 
cleavages increase score by 3x 

if 2+ with no multiply charged companion ion(s) and 1 missed 
cleavages leave score as is 

if 2+ with no multiply charged companion ion(s) and 2 missed 
cleavages decrease score by 0.5x 

if 2+ ion with 3+ companion ion and no missed cleavage leave 
score as is 

if 2+ ion with 3+ companion ion and K/P or RP increase score 
by 1.5x 

if 2+ ion without 3+ companion ion and K/P or RP leave score 
as is 

if 3+ ion with one missed cleavage and no 2+ counterpart leave 
score as is 

if 3+ ion with one or two missed cleavages and there exists a 

2+ counterpart increase score by 2x 

Sort by Histidine containing peptides 

if no "histidine" present leave score as is 

if "histidine" is present and there is a companion ion of a 

different charge state increase score 1.5x 
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if "histidine" is present and there is a companion ion of a 
different charge state and no missed cleavages increase score 
by 3x 

if "histidine" is present and there is no companion ion of a 
different charge state leave score as is 

if multiple histidines or histidine in conjunction with one or 
multiple missed cleavages and no multiply charged companion 
ions increase score by 2x 
Sort by Cysteine containing peptides 

if "cysteine" is present and modified leave score as it is 
if "cysteine" is present and not modified and no other ion 
earlier in elution matches with a modified cysteine decrease 
score by 0.5x 

if "cysteine" is present and not modified and there is another 
ion earlier in elution which matches with a modified cysteine 
increase score by 2x 

if multiple cysteines are present and none are modified 
increase score by 2x 
Sort Met Ox 

if one or more "Met Ox" are present and there exists a later 
eluting ion which mass matches to the same sequence in which 
one or more methionies, are not oxidized increase score by 2x 
Sum hits from all scans which pass a. user-defined preset 
threshold (i.e. only scores exceeding the user-defined preset 
threshold will be passed) 

In cases of repeat ions (nearest two scans or number of scans 
defining a typical peak width) include only hit with the 
highest score 
* Increase Final score as coverage increases 

Sort resulting Summary Hit List with Proteins in ascending 
. order, Calculate Probability Scdre 

Part 3 - Quantitation: 

Plot molecular masses for each Identified Protein including 
summed intensities for all isotopes and save resulting Ion Map 
Compare relative intensities of each Ion Map against that of 
the Control Protein 

Calculate pseudo-concentration level relative to internal 
control protein 

In the algorithm above, the database may be searched by any of 
a number of recognized methods or programs known to the skilled 
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artisan. Exemplary such methods include but are not limited to 
those described by K.R. Clauser et al., Anal. Chem. 71:2871-2882 
(1999); M. Mann, M. Wilm, Anal. Chem.' 66: 4390-4399 (1994); P. A. 
Pevzner et al., Genome Res. 11:290-299 (2001); J. A. Taylor, R.S. 
Johnson, Rapid Comm. Mass Spec, 11:1067-1075 (1997); S. Altschul 
et al., Nucl. Acids Res. 25:3389-3402 (1997); and B.A. Gaeta, 
Biotechniques 28:436-440 (2000). 

In accordance with the preferred embodiment there may be 
employed conventional molecular biology, microbiology,- and 
recombinant DNA techniques within the skill of the art. Such 
techniques are explained fully in the literature. See, e.g., 
Sambrook et al, "Molecular Cloning: A Laboratory Manual" (1989); 
"Current Protocols in Molecular Biology" Volumes. I-III [Ausubel, R. 
M. , ed. (1994)]; "Cell Biology: A Laboratory Handbook" Volumes I- 
III [J. E. Celis, ed. (1994))]; "Current Protocols in Immunology" 
Volumes I-III [Coligan, J . E. , ed. (1994)]. 

All amino-acid residue sequences are represented herein by 
formulae whose left to right orientation is in the conventional 
direction of amino-terminus to carboxy-terminus . A dash or 
ellipsis at the beginning or end of an amino acid residue sequence 
indicates a peptide bond to a further sequence of one or more amino 
acid residues. 

Applications of Ion Mapping 

The preferred embodiment may be used in a variety of 
applications e.g. drug discovery, patient diagnosis and monitoring. 

Single Nucleotide Polymorphism (SNP) Discovery 

Ion mapping could be used to identify polymorphisms in 2 ? - 
deoxy-5 1 -ribonucleic acid (DNA). DNA of interest would be 
collected from populations of eukaryotic or prokaryotic cells of 
interest, and subjected to amplification as described in the 
literature (Genome Res 1999 May; 9 (5) : 499-505) . Then, 'through the 
judicious use of restriction endonucleases, resulting fragments 
could by separated and their accurate masses recorded by single or 
multiple dimensions of high performance liquid chromatography in 
conjunction with mass spectrometry. Fragments of interest, shared 
by populations of interest, could be simultaneously collected, as 
not all of the column effluent would be directed into the source of 
the mass spectrometer. These collected pool would go through 
additional rounds of amplification, digestion, and Ion Mapping, to 
eventually identify the particular gene, or region thereof, that 
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contained the polymorphism unique to the population of interest. 
Ultimately, if the specific sequence location of the polymorphism 
was desired, then the judicious application of the knowledge of the 
starting material's sequence (e.g. whole genome, entire 
chromosome (s), subsets thereof, specific genes, or subsets 
thereof), the choice of restriction enzyme (s), the.elution time of 
the various fragments created in the series of digests, and their 
accurate masses would be used to calculate what the' original 
sequence of the fragment must have been to have generated a 
fragment (s) of the observed retention time(s)- and mass(es). 

Genotyping 

Ion Mapping could be used for genotyping. A single base 
extension (SBE) assay would be used, and this has been described 
previously in the literature (Clin Chem. 2001 Feb;47 (2) :164-72)-. 
However, the advantage of the application of IonMapping to this 
existing technology would be realized in the parallelization of . 
process. Multiple genes of interest could be amplified 
simultaneously; .whereas the number of assays to determine the 
specific allele (s) and homozygote versus heterozygote, has been 
limited to the mass window of a given time of flight instrument or 
to the florescence or fluorescence polarization of a particular 
antibody conjugate (s), Ion Mapping would dramatically expand the 
number of assays which could be simultaneously detected. These 
nucleic acids would be separated by one or more dimensions of high 
performance liquid chromatography (HPLC) , e.g. anion exchange 
chromatography followed by ion pair reversed-phase chromatography 
' in conjunction with mass spectrometry. Only if the SBE assay had 
■ the potential of creating two or more nucleic acids of exactly the 
same mass (within the mass accuracy of the given IonMapping 
process), and exactly the same chromatographic retention time(s), 
would the two (or more) assays be unable to be simultaneously ■ 
analyzed. Since such an potential conflict could be calculated in 
advance through the judicious use of the calculated mass(es) and 
retention time(s) of the extended nucleic acids, these interfering 
assays could be conducted in separate experiments, or the amplified 
regions changed to create non-interfering assays. In any case, the 
signal intensity generated by each extended nucleic acid on the 
mass spectrometer would be used as the basis for quantitative 
analysis, e.g. determination of zygosity 



Transcriptional Profiling 

Ion Mapping could be used for monitoring gene expression, 
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commonly referred to as transcriptional profiling. This technique 
has been previously described in the literature (Science 270, 467- 
470, (1995), where the means of separation are arrays of 
complementary immobilized nucleic acids , and detection results when 
fluorescently labeled nucleic acids generated from in vivo or in 
vitro systems hybridize to these arrays and remain behind to 
fluoresce following removal of non-specific binding partners. Ion 
Mapping could be used as a superior substitute for both the 
separation and identification of the nucleic acids generated from, 
the in vivo and in vitro systems. These nucleic acids would be 
separated by one or more dimensions of high performance liquid 
chromatography (HPLC) , e.g. anion exchange chromatography followed 
by ion pair reversed-phase chromatography in conjunction with mass 
spectrometry. The retention time(s) of the molecules, combined 
with knowledge of their accurate masses could be used to identify 
which transcripts, and a relative idea of amount of each, were 
present in the sample. The signal area and/or- intensity generated 
by each would be used as the basis for quantitative comparison 
between samples.- It would be possible to generate tagged versions 
of these nucleic acids that would permit the detection of these 
molecules by positive ion mode mass spectrometry, and this would 
improve both reliability and sensitivity. 

• Metabolomics 

A method for identifying and quantifying metabolite-profiles 
from all different types of clinical samples. The ion mapping of 
metabolites will be performed using similar techniques to those 
described in the preferred embodiment of this application. Two or 
more sets of clinical samples will be compared to identify and 
quantify metabolites. For example, drug metabolites will be 
extracted from clinical samples (treated vs non treated) using a 
plethora of chromatographic separation techniques.. These samples 
will then be analyzed by liquid chromatography interfaced. to mass 
spectrometry gain information on accurate chromatographic retention 
times, and accurate mass of the all the metabolites in the sample 
in order to generate ion maps. Additionally, physico-chemical 
properties of. small molecule metabolites can be used/to assist in 
the generation of these metabolite ion maps. Relative as , well as 
absolute quantification information can be extracted from selected 
ion chromatogram (SIC) information generated by the LC/MS. 
experiment. Relative quantification of metabolites will be 
performed by comparing SIC peak integration data of metabolite ion 
maps generated in different conditions (i.e., diseased vs. non- 
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(57) Abstract: A method of identifying molecules 
of biological origin is disclosed. The molecules are 
identified and the basis of the accurately determined 
mass to charge ratio of the molecules and at least 
a further physico-chemical property such as elution 
time or charge state. Further physico-chemical 
properties may be used. The experimentally 
determined accurate mass and physico-chemical 
properties can then be compared with a look-up table 
of information. The look-up table may generated or 
physico-chemical properties of data in a conventional 
database may be calculated. The ability to recognise 
and preferably identify the same molecules in two 
different samples may be used to determine whether 
a particular biological molecules has been expressed 
differently in an experimental sample relative to a 
control sample. 
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